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Abstract
Ferroelectric materials have established themselves as indispensable in key applications such as
piezoelectric transducers and energy storage devices. While the use of ferroelectrics in these
fields dates back more than 50 years, little progress has been made to extend applications of
ferroelectrics into new fields. To a large extend the observed slow progress is not caused by
a lack of potential applications, but to by the inherent complexity associated with a structural
phase transition, combined with strong coupling of polarisation, strain and temperature, and the
strong modification of the phenomena by material defects.
This thesis takes a look at prospective applications in energy storage for pulse power applications,
solid state cooling and non-volatile random access memory and identifies key issues that need
to be resolved. The thesis delivers time-domain based approaches to determine ferroelectric
switching behaviour of bulk materials and thin films down to sub-ns time scales. The approach
permitted study of how information written to a ferroelectric memory decays as a result of
multiple non-destructive read operations. Furthermore simultaneous direct measurements of
temperature and ferroelectric switching established a direct link between the retarded switching
phenomenon observed in ferroelectrics and temperature changes brought by the electrocaloric
effect. By comparison with analytical models and numerical simulation a large localised
temperature change on the scale of individual domains is postulated. It implies a much larger
coupling between switching and local temperature than has been previously considered. In
extension of the model the frequency dependence of polarisation fatigue under bipolar conditions
is explained by the occurrence of large temperature gradients in the material.
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Chapter 1
Introduction
1.1 Current Applications of Ferroelectrics
Ferroelectricity was first discovered by Valasek in the 1920s [1]. The first ferroelectric com-
pounds were hydrogen based, water soluble and fragile and remained an academic curiosity
without real applications. With the discovery of a more robust ceramic barium titanate (BT) [2]
exhibiting ferroelectricity in the 1940s, the window of opportunity was opened and the material’s
large permittivity made it attractive for use in capacitors. Today around 2.2 trillion BT based
multilayer ceramic capacitors (industrial types X7R, X8R) are manufactured annually [3, 4]. The
discovery of more and more ferroelectric materials opened up a second major application area
that still remains today: Due to their pronounced piezoelectricity and pyroelectricity combined
with the ability to produce ceramics on a large scale rather than the more costly single crystals,
ferroelectrics became the centre of attention in the development of piezoelectric transducers,
actuators and sensors. Particularly the technological drive in the development of sonar technology
in the 1970s boosted ferroelectric research and led to thousands of derived applications. Another
application is found in the use of ferroelectric materials in positive temperature coefficient (PTC)
devices that exploit a drastically increase in resistivity, by 3 to 6 orders of magnitude, with
increasing temperature around the Curie point [5]. This phenomenon is exploited in the form
of Thermistors. PTC thermistors are applicable not only for temperature-change detection, but
also for active current controllers. The thermistor, when self-heated, exhibits a decrease in the
current owing to a large increase in resistivity. As such PTC devices find use in various practical
applications ranging from thermometers via ceramic heaters to excess current protectors [5, 6].
Today, the market for ferroelectrics is worth > 100 billion dollars each year.
While ferroelectric materials have established themselves as indispensable in these areas little
progress has been made to push the materials’ unique properties towards novel applications.
This thesis aims to support the progress made towards the exploitation of ferroelectric materials
1
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for promising and lucrative technological applications in the future. In this context three areas of
high interest have been identified:
• Expansion of the ferroelectric capacitor market. Particularly the development towards
increased temperature stability and energy density is of great interest, with relaxor ferro-
electrics opening the window to materials combining these two properties.
• Exploitation of the pronounced electrocaloric effect of ferroelectrics for applications in
solid state cooling.
• Exploitation of ferroelectricity in non-volatile memory storage devices.
1.2 Future Prospects for Ferroelectrics
1.2.1 Ferroelectric Capacitors
Capacitors are vital components in any electronic device or electric power system. In applications
where space is limited and high energy densities therefore are a requirement, ferroelectric
capacitors materials are strong contenders, due to their high relative permittivity. However
the disadvantages of currently available ferroelectric capacitors is their limited operational
temperature range, as their permittivity changes abruptly in the vicinity of the ferroelectric-
paraelectric phase transition. For example BT-based capacitors (X7R) show an abrupt drop in
their permittivity of up to 60% above 125◦C. In the last decade considerable effort has been
devoted to increasing the energy density and extending the operating temperatures of ferroelectric
ceramics [7, 8, 9, 10, 11, 12]. Of particular interest in this context are materials in the relaxor sub
class of ferroelectrics. Relaxors differ from a classical ferroelectric in that remnant polarisation
states are only formed on a nanoscale while the overall material does not exhibit pronounced net
polarisation. For the application of relaxor materials as capacitors this means that achievable
energy densities can be even larger. However as a considerable amount of energy is stored in the
realignment of these nano domains the charge/discharge response of these capacitors is governed
by highly non-linear switching behaviour.
1.2.2 Electrocalorics and Solid-State Refrigeration
Another interesting area of development is the use of ferroelectric materials for cooling purposes.
This use is based on another side effect of ferroelectricity: A pronounced electrocaloric effect.
The electrocaloric effect is a physical phenomenon where a change in the configuration of the
material changes its entropy, resulting in a change in temperature. The effect exists in any polar
material, but is particularly pronounced in ferroelectrics, and even more so in the subclass of
relaxors. While the effect’s existence has been known since the 1930s it never caught enough
attention to accelerate understanding and technological development in the field, as the effect
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was too small to be exploited for actual applications. Recent reports of ’giant’ electrocaloric
effects in relaxors and thin films revived interest and made applications in solid state cooling
feasible [13, 14, 15]. This comes with the prospect of high energy efficiency, compact size and
high scalability. There are several start-up companies working on channelled multilayer lead-free
technology, though no commercial devices are available at present.
However a theoretical basis for the effect is very rudimentary at best, utilising a simple thermo-
dynamic model to relate polarisation and temperature. Ferroelectrics, and even more so relaxors,
are complex systems where electrical, thermal and mechanical properties are intertwined. This
leads to a number of phenomena associated with the effect that cannot be explained at present.
1.2.3 Ferroelectric Random Access Memory
Out of the future prospects of ferroelectrics the only one making direct use of ferroelectricity
itself is its application in non-volatile random access memory.
Around the same time when semiconductors were first investigated for computation purposes
the discovery of ferroelectric barium titanate [2] sparked interest in expoiting the effect for
non-volatile information storage purposes [16]. The first operational ferroelectric random access
memory (FRAM) elements were developed in the 1970s [17]. From a first wave of interest
from the semiconductor industry in the 1990s, the first commercial FRAM devices emerged.
However the lack of critical applications for a fast non-volatile memory with relatively low
memory density paired with required considerable investment as production is not compatible
with standard CMOS procedures [18] prevented the technology from developing its full potential
in favour of alternate technologies.
Most non-volatile memory devices in use today are either magnetic (hard disk drives) or semi-
conductor based (solid state drives). With increasing demand from mobile applications solid
state non-volatile memory has experienced rapid development over the most recent years. Today
nearly all non-volatile solid state memories are flash based, as the technology is ’cheap and
cheerful’ and suits its purpose well. While the physical limitations of flash technology are
expected to be reached within the next decade [19] it is unlikely that FRAM will become a viable
contender for the mass market, as memory densities are orders of magnitude lower than other
technologies catering to the non-volatile memory market.
FRAM however has got some very interesting qualities that make it useful for niche applications.
Energy consumption is low, operational temperature ranges are very large and as information
is stored in ionic rather than electronic trapping it is impervious to ionising radiation. These
attributes make it very suitable for avionics and space applications. In September 2016 the US
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Navy launched a mini-satellite for deep space exploration utilising ferroelectric memory [20].
Further satellite applications are imminent from the China National Space Administration. [20]
The use of ferroelectrics for memory is fundamentally different from the use of the same material
for actuators. For the technology to be viable an optimisation is necessary towards ferroelectric
switching speed. Similarly the effect of fatigue due to repeated switching and probing has to be
ameliorated.
1.2.4 Other Prospects
For completion it shall be mentioned that PiezoMEMS and energy harvesting applications are
also cited as potentials for the future. To date there are no commercial devices on the market and
opinion is divided on the prospects of such technologies. As neither of these applications falls
into the dynamic switching context of this thesis they shall not be addressed in detail here.
1.2.5 The Future is Dynamic
While polarisation dynamics are not important for classical applications in piezo transducers etc.,
the situation for for the three prospective applications listed here is different. Capacitors need to
deliver charge in a way suitable for the intended application, any solid-state cooling device will
not operate in steady state conditions, but in repeated cooling cycles and prospective advantages
of FRAM are based entirely on the dynamics of ferroelectric switching. It becomes clear that
understanding and exploiting the dynamics is crucial for any future development. This thesis
advances metrology and knowledge in this direction.
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1.3 Structure of This Thesis
This thesis is structured in seven chapters:
This first chapter gave an overview of current applications of ferroelectrics and an outlook to
where technology in the field might be heading.
The second chapter gives a broad overview of ferroelectricity, its characteristics and theoretical
description. It also conducts a survey of the current state-of-the-art in metrology related to
examining its dynamics.
Chapter three presents the development of a rapid discharge system to explore the dynamics of
ferroelectric bulk ceramics and multilayer capacitors. The system is then used to explore the
discharge behaviour of several sample types and expanded into industrial applications in the
characterisation of a relaxor type ferroelectric capacitor.
The fourth chapter expands ferroelectric switching dynamics into the dynamics of the elec-
trocaloric effect.
Chapter five explores fatigue in ferroelectrics, its affect on the dynamics and its causes and
origins.
The sixth chapter presents the development of an all-electrical system to investigate ferroelectric
switching behaviour of thin films.
The seventh and last chapter provides a summary of the key elements of this thesis and identifies
future topics of development.
Chapter 2
Background
2.1 Ferroelectricity
2.1.1 Perovskite Crystal Structure
Most common ferroelectrics show a perovskite crystal structure. Named after the mineral
perovskite (CaTiO3), it describes many oxides of the general format ABO3 with A2+ and B4+
being cations of different sizes and O−2 being the oxygen anion that bonds the cations together.
Figure 2.1: Perovskite structure. Reprinted with permission from [21]
As shown in figure 2.1 the lattice cells in a perovskite ferroelectric in its tetragonal phase are
composed of a noncentrosymmetric structure where the A cations are occupying the corners
of the unit cell. The Oxygen ions are centred on each face and form an octahedron with the B
cation at the centre of the unit cell. The energy levels of the position of the centre B cation are at
their lowest when the ion is slightly displaced in relation to the O anions on the faces, resulting
in 18 local minima. This results in a charge distribution that gives the unit cell a net polarisation
in one of nine possible directions ([111]c, [001]c and [011]c).
In addition to its tetragonal phase there are two more polar phases in the material; othorhombic
6
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and rhombohedral. In these cases the unit cell is additionally distorted in [110] or [111] directions
respectively. While the overall geometry changes slightly the principle of net polarisation axes
remains the same. For further discussion of ferroelectricity the tetragonal phase is chosen as
example.
2.1.2 Ferroelectric Polarisation
Ferroelectric crystals of the pervoskite structure in its tetragonal form show multiple polarisation
states. As shown in figure 2.2 for [001] direction, in its tetragonal phase that is stable at room
temperature the B cation is displaced ’up’ or ’down’ respectively to the oxygen ions (figure 2.2).
As a result of this, a net polarisation of a few tens of micro coulombs per square centimetre can
be measured for the material along this axis at any given time.
Figure 2.2: Two possible polarisation states of the tetragonal phase of ferroelectric ABO3
perovskites. Reprinted with permission from [22]
The B cation can be moved between its ’up’ or ’down’ position along this axis. Changing the
position is a thermally activated process, meaning it can be understood in form of a double sided
quantum well, where two energetically stable minima are separated by an energetic barrier WB.
Figure 2.3 shows the scenario for the two polarisation states.
Without an external electric field applied the energy levels of both states are equal and the cation
therefore does not favour one state over the other. When an external electric field is applied
one state is energetically lower than the other and therefore favoured and the cation is likely to
change its position if it can overcome WB
2.1.3 Ferroelectric Domains
A volume of uniform polarisation is referred to as ferroelectric domain. Domains form to
minimise strain in the material: Ferroelectricity inherently causes a geometric distortion of
the crystal structure of the material. This means that the dimensions of a unit cell along the
polarisation axis (c-axis) are elongated whereas the non-polarisation axes (a-axes) are shortened.
This distortion causes the creation of electric dipoles that in turn result in surface charges. If
these surface charges are not compensated by their surroundings a depolarisation field is created
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Figure 2.3: Ferroelectric energy profile as a function of polarisation for zero applied electric field
and an arbitrary electric field. Reprinted with permission from [23]
that makes the dipoles unstable. As a result multiple domains of directions corresponding to
a set of crystalline directions are formed to minimise depolarisation fields [24]. The interface
between two domains referred to as domain wall. Domains have an optimum size because the
dipoles do not align across a domain wall, as this would require additional surface energy [24].
Figure 2.4 (a) shows the characteristic zebra pattern of 0◦ and 180◦ domains, the polarisation of
which points in opposite direction. This pattern occurs commonly in large-grain ceramics, as it
causes the optimisation of surface charge for each grain [24].
Is the grain additionally clamped by its surroundings, i.e. adjacent grains, an additional stress
field can occur. This stress can be reduced by the formation of non-180◦ domains [25]. Figure
2.4 (b) shows a schematic representation of domains with differing orientation. A-A’ represents a
grain boundary that causes a mismatch in elastic stress, thus separating two domains and causing
the formation of a non-180◦ domain. B-B’ represents a domain wall within a single grain where
the optimisation of the grain in regards to its surface charge causes the formation of domains of
opposing direction.
2.1.4 Curie Temperature
Increasing the thermodynamic base energy level of the system reduces the energy barrier between
states. The cation therefore is more likely to change its position towards a favoured energetic
state with increasing temperature of the system. The temperature at which the ferroelectric loses
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(a) Domain structure of barium titanate (BTO).
Reprinted with permission from [26]
A
A’
A
A’
B
B’
(b) Schematic diagram of multiple domains. Repro-
duced from [27]
Figure 2.4: Domains and domain walls Pb(Mg1/3Nb2/3)O3 − PbT iO3 single crystal.
its domain structure in favour of an energetically more stable isotropic structure is referred to as
Curie temperature, TC .
2.1.5 Poling
Ceramics of ferroelectric materials can be made macroscopically polar in a chosen direction.
This requires the unpoled material to be exposed to a strong electric field and in cases additional
heating of the sample below its Curie temperature to lower the energy barrier. During this process
domains that are closely aligned with the direction of the electric field will grow at the expense
of others. This behaviour can be observed as domain wall movement. After cooling and removal
of the electric field, these new domains will not all return to their original orientation. Therefore
the material experiences a net polarisation and is macroscopically poled from thereon.
2.1.6 Ferroelectric Hysteresis
One property inherent to all ferroelectrics is a hysteretic behaviour of their net polarisation
depending on imposed electric field (See figure 2.5).
At low electric fields the relationship between electric field and polarisation is relatively lin-
ear. However with increasing electric field the response becomes increasingly non-linear and
hysteretic. This behaviour is explained by domain wall motion: A spontaneous dipole inside a
domain is stabilised by its surrounding polarisation. In contrast a dipole near the domain wall
are more prone to reorientation by the electric field [28]. In a defect-free the energy required to
move a domain wall would simply be the energy required to reorient the dipole and the domain
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wall would move smoothly once the energy barrier was passed. However in reality there are lots
of defects present in the material so that the domain wall has to move through a distribution of
pinning centres. At low electric fields the domain wall may be displaced to some extent, but
cannot cannot pass the energy barrier of a pinning centre and so returns to its original position
once the electric field is removed. This could possibly result from bending of domain walls [29].
Is the electric field sufficiently large the energy barrier of a pinning centre may be overcome and
the wall can continue its movement. In this case the so overcome pinning centre would prevent
the domain wall from moving back to its original position once the electric field is removed.
This behaviour results in a polarisation hysteresis that is inherent to all ferroelectrics.
Figure 2.5: P(E) hysteresis in ferroelectrics
As displayed in figure 2.5, the net polarisation P is a function of the electric field E. Starting at
the origin, when the material is still unpoled and can be considered isotropic, for small electric
fields the relationship between Pf and E is approximately linear. As the field strength increases,
domains (schematically represented by the arrows) pointing in the opposite direction of the field
are switched, resulting in a steep increase in polarisation, until all domains are switched and the
polarisation plateaus at the saturation polarisation PS . When the field is then decreased to zero,
not all domains switch back to their original state, resulting in a remnant polarisation Pr. The
strength of the electric field in the opposite direction required for the net polarisation to reach
zero again is called the coercive electric field Ec. Though there is no net polarisation at this point
it is fundamentally different from the isotropic unpoled state at the origin; Domains are aligned
along the polarisation axis, pointing in opposite directions. Further increase of the electric field
in the opposite direction will cause more and more domains to align in this direction, ultimately
resulting in a plateau and remnant polarisation in this direction as well.
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The loop does not necessarily show the symmetry that was chosen in this example. Particularly
in ’hard’ materials where the addition of dopants altered the energy landscape of the material
loops are commonly highly asymmetric, as a fundamental polarisation state is dictated by the
initial poling process.
2.2 Ferroelectric Materials
2.2.1 Barium Titanate (BT)
One of the simplest examples for a perovskite type ferroelectric is barium titanate (BT). At room
temperature it is composed of a tetragonal lattice structure with Ba2+ cations on each corner,
O−2 anions centred on each face and a single Ti4+ cation slightly off-centre to the octahedra
formed by the oxygen. Above the Curie temperature of about 120◦C a phase transition occurs
with the lattice type changing from tetragonal to centre cubic. In this form the Ti4+ cation
is positioned at the centre of the unit cell, resulting in a loss of spontaneous polarisation. At
temperatures between 0◦C and −80◦C the lattice structure becomes orthorombic and below
−80◦C it becomes rhombohedral. While the possible directions of polarisation change slightly
both of these phases retain the ferroelectric behaviour. Figure 2.6 shows the crystallographic
structures of barium titanate and the temperatures of the respective phase transitions.
a
a
a
cubic
a
c
a
tetragonal
a
a
c
orthorhombic
a
a
a
rhombohedral
120°C 0°C -80°C
Figure 2.6: Crystal structures of BaTiO3 at various temperatures. Reproduced from [30]
Due to their high relative permittivity BT ceramics are one of the industrially most important
compounds and find application primarily as capacitors in power electronics. Barium titanate
based ceramics for example form the basis of widely used ceramic capacitors of the industrial
classes X7R and X8R.
An issue in electronic circuits using BT capacitors however is the material’s rapid rise before
and abrupt loss of permittivity at the Curie temperature Figure 2.7 shows the relative permittivity
of barium titanate as function of temperature. The permittivity peaks at the composition’s Curie
temperature of 131◦C.
In attempts to increase barium titanate’s effective temperature range it is often modified with
dopants. Ca2+ for example is known to widen the tetragonal phase stability range, increasing
the effective temperature range at which the material can be used.
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Figure 2.7: Relative permittivity r of barium titanate as function of temperature
2.2.2 Lead Titanate (PT)
Lead titanate is a perovskite type material, with lead replacing the barium in the lattice, showing
unique properties like a very high Curie temperature of 490◦C, low relative permittivity and low
planar-to-thickness coupling factor.
These qualities make suitably doped PT ceramics find application in high-temperature and
high-frequency pyroelectric and piezoelectric devices.
However, due to anisotropic expansion when cooling down after sintering, large internal stresses
are present in the material which cause microcracking. Therefore PT materials require modifica-
tion with suitable dopants when being prepared in common solid state reactions:
2.2.3 Lead Zirconate Titanate (PZT)
Lead zirconate titanate is also of the perovskite lattice type. However it is not composed of a
single material throughout, but rather is a solid solution of lead titanate and lead zirconate. It
shows some of the strongest ferroelectric properties of all known materials to date and can be
tailored to specific application by the addition of dopants. This makes it the material most used
in industrial applications, such as actuators, sensors, energy harvesters and non-volatile memory
[31, 32].
Lead titanate forms a tetragonal phase at room temperature with a phase transition to cubic above
the Curie temperature of 480 ◦C. Lead zirconate at room temperature forms an anti-ferroelectric
orthorhombic structure with a change to a paraelectric cubic phase above 234 ◦C.
Taking a look at figure 2.8, starting with pure PbZrO3, when increasing the amount of PbT iO3
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Figure 2.8: Phase diagram of PZT. Observed space groups are noted in the different phase fields.
Reprinted with permission from [33]
in the solution the phase at room temperature becomes rhombohedral and eventually tetragonal
around a mixture of about 48:52 PbZrO3 to PbT iO3. This transition is referred to as mor-
photropic phase boundary (MPB). In tetragonal PZT after poling, domains show an orientation
of 0◦, 90◦ and 180◦ with respect to one another in the grains. As a consequence, the structure can
adapt six possible directions of polarisation. In rhombohedral PZT, the possible angles between
domains are 0◦, 71◦ and 109◦. Therefore eight directions of polarisation are possible. Close to the
morphotropic phase boundary, both phases co-exist, resulting in fourteen possible directions of
polarisation. As direct result of this, pronounced non-90◦ domain wall motion is observed when
an electric field is applied, causing more domains to align in direction of the electric field. This
contributes directly to the optimisation of dielectric permittivity and piezoelectric response of
the material, in what is referred to as extrinsic effect. In addition to this extrinsic contribution the
perpendicular permittivity of the material goes through a maximum when transitioning between
tetragonal and orthorombic phase, resulting in a strong dielectric anisotropy in the vicinity of
the MPB. This in turn causes the piezoelectric shear modulus and shear compliance modulus
to reach a pronounced maximum as well. With an adequate degree of poling this causes the
effective piezoelectric constants along the axes (d∗31 and d
∗
33) to adopt a pronounced maximum as
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well in what is referred to as intrinsic contribution [34].
From a technical point of view the extreme values of dielectric permittivity and piezoelectric
coefficient near the MPB make these composition the most relevant [35]. Combined with its
relatively high Curie temperature of above 350 ◦C PZT has become the most used piezoelectric
materials.
Dopants
To further stabilise the material’s behaviour at the morphotropic phase boundary dopants are
added. Donor dopants, such as lanthanum, cause a reduced concentration in oxygen vacancies
V ••O and increase the concentration of lead vacancies V
′′
Pb [36, 37]:
La2O3 + 3PbT iO3 ⇀↽ 2(La•Pb)TiO3 + (V
′′
Pb)TiO3 + 3PbO (2.1)
Characteristic features of donor doped PZT are comparably high domain mobility and resulting
’soft’ ferroelectric behaviour (easy to polarise). This results in a large piezoelectric charge coeffi-
cient, moderate permittivity and high coupling factors which makes these materials particularly
interesting for applications in actuators, sensors, ultrasonic transmitters, sound transducers and
microphones [38, 39].
Conversely acceptor dopants, such as Nickel, cause an increase in oxygen vacancies [36, 37]:
NiO + PbT iO3 ⇀↽ 2Pb(Ni
′′
T i)(V ••O )O2 + TiO3 (2.2)
This reduces domain mobility, resulting in a ’hard’ ferroelectric behaviour. Hard PZT materials
can be subjected to high electrical and mechanical stresses. Under these conditions, their
properties slightly change, so they show a very good stability. Due to this, hard PZT materials
are suitable for high-power applications. Characteristics of ’hard’ PZT are moderate permittivity,
large piezoelectric coupling factors and low dielectric losses. These materials elements are
commonly used for high-power ultrasonic applications, such as sonar, and transformers [5, 40].
Bismuth Based Materials
Bismuth based materials show similar ferroelectric polarisation levels as lead based compounds.
This in combination with their higher Curie temperatures lead them to experience a considerably
lower temperature dependence of their of their properties.
The most important of the bismuth based materials is bismuth sodium titanate (BNT). It shows
high remnant polarisation and a high Curie temperature of 320◦C. However ceramics of this
type show a very high coercive field of 73kV/cm, limiting their possible applications in memory
storage devices considerably, as these would be required to operate at higher voltages.
To circumvent the issues imposed by the requirement of a strong coercive field, BNT is usually
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used in solid state solutions with morphotropic phase boundaries. An example for such a material
is a system of BNT with barium titanate (BT), referred to as BNT-BT. BNT-BT is also of
particular interest as it pairs the energy storage properties of BT with the temperature stability of
BNT [11, 41, 42].
2.2.4 Relaxors
Relaxors are a peculiar subgroup of ferroelectrics with unique structure and properties. In their
ferroelectric phase these materials form polar regions on the nano scale with random polarisation
directions [43, 44, 45]. These polar nano regions (PNRs) are very mobile and ergodic which
results in a material that is macroscopically highly polar when an electric is applied while
showing little-to-no remnant polarisation without application of an electric field. The physics of
relaxors is very complex and appears to depend on chemical disorder and polarisation fluctuation
on numerous length scales [46]. As such there appears no complete consensus at present on what
exactly causes the formation of this type of material and even its defining characteristics vary
largely within the community. Some remarkable properties that all relaxors appear to have in
common are:
• A very wide temperature dependent peak of the dielectric permittivity where the sudden
increase and decrease are referred to as first and second anomaly respectively. Explanations
of these anomalies are very speculative at present and mostly revolve around the growth
and shrinkage of two different types of PNRs at the expense of one another [45]. Figure
2.9 shows an example of this behaviour.
• The maxima of real and imaginary part of the permittivity occur at very different tempera-
tures and vary largely with frequency.
• The Curie temperature of the material is very diffuse and usually not corresponding to the
maxima of relative permittivity, as it does in ’normal’ ferroelectrics.
Known relaxors are made from ’normal’ ferroelectrics via partial substitution of certain elements.
The introduction of lanthanum (creating PLZT [48, 49, 50]) into PZT for example contributes
to enhance relaxor characteristics and for certain concentrations can create a material fully
composed of PNRs rather than larger domains. Creating solid solutions of multiple ferroelectric
materials can have similar effects [51, 52, 53, 54, 55].
Due to their wide permittivity peak and generally high energy density relaxors are of particular
interest for use in energy storage and power electronics in the form of capacitors. Particularly
solid solutions of lead-free bismuth based materials are very promising in that regard.
Relaxors generally also show a very pronounced electrocaloric effect and receive large attention
in that context.
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Figure 2.9: Relative permittivity and loss tangent of a PMN-PT relaxor system. Reprinted with
permission from [47]
2.3 Polarisation Dynamics
Ferroelectric materials are commonly used in electric devices due to their large dielectric and
piezoelectric properties. However when experiencing high electric fields the polarisation-electric
field and polarisation-stress response become non-linear, which often proves disadvantageous in
controlling device responses. The origin in this behaviour is largely attributed to rearrangement
of the polarisation direction through 180◦ or non-180◦, observable in the form of domain wall
motion that lets domains aligned closer to the direction of the electric field grow at the expense
of others [56, 57, 58].
2.3.1 Dielectric Non-linearity
The dielectric behaviour of ferroelectrics shows non-linear behaviour with frequency and electric
field. The electric field dependence is particularly interesting from the perspective that it greatly
relates to technological applications such as power electronics, energy storage and tunable
devices. The behaviour is mathematically derived from Landau-Ginzburg-Devonshire theory
and is expressed by an adaption of Johnson’s formula [59, 60, 61]:
r(E) =
r,0
[(α + β(E ± Ec)2]1/3 (2.3)
where E is the applied electric field, Ec the coercive field, r is the relative permittivity and r,0
the relative permittivity when no electric field is applied. α and β are empirical constants.
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Figure 2.10 shows a plot of relative permittivity as function of applied electric field obtained from
a soft PZT5H ceramic disk sample. Similar to the PE loop it shows hysteretic behaviour. When
applying an electric field the relative permittivity initially increases before abruptly dropping
once the polarisation of the sample is saturated. Interesting is also the asymmetry of negative
and positive electric field. This is related to poling state of the material.
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Figure 2.10: Relative permittivity (at 10Hz) of a poled PZT5H ceramic as function of electric
field
The behaviour of the dielectric permittivity has been primarily attributed to intrinsic contributions
originating from domain wall motion [59, 62, 63, 64, 65].
2.3.2 Switching
Ferroelectrics have multiple domains of various polarisation states. When changing the energetic
state of the ferroelectric by application of an electric field, change of temperature or mechanical
stress the polarisation state of the material is changing to allow the material to relax into its
energetically lowest state. Domains realign and grow at expense of one another. This process
is referred to as switching. As it involves the displacement of an ion from one position in the
lattice to another it is not an inherently fast process. Ultimately it is limited by the inertia of the
atom, though in actual materials it is largely dependent on energetic state and defect occurrence
in the system.
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2.4 Models Describing Switching Dynamics
Experimental data suggest that repolarisation by application of an external electric field to a
ferroelectric does not occur via spontaneous reorientation of domains, but rather in form of
nucleation of domains and the movement of domain walls.
The main theoretical models describing the dynamics of polarisation switching are the ”Kalmogorov-
Avrami-Ishibashi-Orihara domain nucleation model”, the ”Landau-Ginzburg-Devonshire theory
of phase transition for polarisation reversal” and more recent Vopsaroiu’s non-equilibrium model.
2.4.1 Kalmogorov-Avrami-Ishibashi-Orihara (KAIO) Domain
Nucleation Model
The KAIO model of polarisation is a derivation of the original Avrami nucleation model of crystal
growth [66]. It assumes two main physical mechanisms: one-step nucleation and continuous
nucleation:
One-step nucleation describes the creation of all nuclei of the new phase at the beginning of the
process, followed by domain growth without any further nucleation. The continuous nucleation
mechanism describes continued appearance of nuclei throughout the transformation with constant
growth rate.
The switching current ISC equals the changes in electrical displacement (polarisation) dD(t))/dt
at a given moment and is mathematically expressed as:
ISC(t) =
dD(t)
dt
= 2Psn
τsw
(
t
τsw
)n−1
e
(
−
t
τsw
)n
(2.4)
where Ps is the spontaneous polarisation, τsw is the intrinsic switching time of the material and
n is referred to as the Avrami exponent. In principle the Avrami exponent only takes integer
values depending on the nucleation process taking place: n = d for the one step process and
n = d+ 1 for the continuous process, where d is the dimensionality of the domain growth. For
striped domains d = 1 and for circular domains d = 2 or d = 3 for spherical domains.
The KAIO model of polarisation switching provides a good approach to model the behaviour of
some ferroelectric single crystals and epitaxial thin films [67, 68]. However, it is not capable
of describing the behaviour of polycrystalline materials which lead to the introduction of semi-
empirical correction factors [69, 70, 71]
The KAIO model has two particularly imporant shortcomings in regard to the switching process.
The most significant one is that it describes a spontaneous process and completely neglects
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the dependence of switching times tsw on electric field strength E and temperature T . To
some degree semi-empirical approaches have been introduced to estimate the switching time
[72, 73, 74], the most used being [71]
τsw = CE−ne
α
E (2.5)
with C, n and α being constants. However these values are largely dependent on the measure-
ment system used and are not related to physical attributes.
The second shortcoming is the expression of the nucleation process as a combination of sub-
processes of different dimensionality. The first step is 0-dimensional nucleation, the second one
1-3-dimensional domain growth. This means that the Avrami coefficient cannot be smaller than
1, if there is no domain structure present and the material only responds via dipole rearrangement.
For the existence of domains the coefficient has to be > 2. While stretching factors have been
observed experimentally, the measured Avrami coefficient is commonly smaller than 1, which
based on the model does not have physical meaning as it would suggest negative dimensionality
of the switching process.
2.4.2 Landau-Ginzburg-Devonshire Theory of Phase Transition
for Polarisation Reversal
This model assumes the polarisation reversal to be a Landau-Devonshire type electrically induced
phase transition [75]. This theory constitutes three basic assumptions:
1. existence of an order parameter that goes to zero at the point of the phase transition
2. free energy being able to be expanded in a power series of this order parameter
3. power series coefficient being uniform functions of temperature
The main idea behind a Landau-Devonshire approach is that homogeneous switching characteris-
tics in a ferroelectric can be reduced to a global order parameter D representing the polarisation.
In this case the free energy density F of the system can be expressed as a power series of the
polarisation. Assuming only two states of polarisation representing 0◦ and 180◦ domains, this
leads to [76, 77]
F = a2D
2 + b4D
4 + c6D
6 −DE (2.6)
where a, b and c are semi-empirical constants. a and c are known to be positive in all known
ferroelectrics. The total free energy is denominated as F =
∫
dV F . At equilibrium state we find
that
∂F
∂D
= 0 (2.7)
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This gives an expression for the electric field E as function of polarisation
E = aD + bD3 + cD4 (2.8)
Thus the linear dielectric susceptibility above the phase transition is obtained by differentiating
the equation with respect to D and setting D = 0:
χ = D
E
= 1
a
(2.9)
In Landau-Devonshire theory it is assumed that around the Curie temperature (T ∼ T0)
a = a0(T − T0) (2.10)
The other coefficients are independent of temperature. Combining 2.9 and 2.10 the dielectric
susceptibility can be expressed as
κ = 1
χ
= a0(T − T0) (2.11)
which captures the Curie-Weiss behaviour observed in most ferroelectrics for T > T0.
The values of the Landau coefficients can be determined by comparing experimental measure-
ments of κ and D0 to the Landau-Devonshire expression.
Continuous Transition
The kind of the transition from ferroelectric to paraelectric is determined by the quadratic term of
the free energy. When b adopts positive values the transition is continuous in nature. In this case
the free energy below the transition temperature evolves continuously as a function of decreasing
temperature. It shows minima at the spontaneous polarisations D = D0. D0 can be estimated by
setting E = 0 in 2.8:
D0 =
[
a0
b
(T0 − T )
]1
2 (2.12)
The dielectric susceptibility κ below T0 is then given by
κ = 2a0(T − T0) (2.13)
Taking into account the behaviour of dielectric stiffness above the transition temperature (com-
pare equation 2.13) κ vanishes at the transition temperature from where it diverges.
Discontinuous Transition
When b adopts negative values the transition becomes discontinuous. As in this case the free
energy is essentially reduced (physically corresponding to a reduction in temperature), it may
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assume minima at nonzero polarisation, even when T > T0. In this case polarisation vanishes dis-
continuously at the Curie temperature TC . However TC now exceeds the transition temperature
T0. At temperatures between T0 and TC the unpolarised phase exists only as a local minimum of
the free energy.
The determination of spontaneous polarisation and dielectric susceptibility is conceptually the
same as for the continuous transition, however now the additional sixth-order c term cannot be
neglected.
Landau-Ginzburg
Landau-Devonshire theory describes the hysteresis of systems with uniform polarisation (fully
poled single crystals) reasonably well [2, 46, 78], however it cannot describe non-uniform polari-
sation as encountered in polycrystalline or partially switched systems [46].
This can be incorporated into the model using Landau-Ginzburg theory. Generally speaking
Landau-Ginzburg incorporates small spatial variations of the order parameter (polarisation) by
treating the system as a collection of n sites coupled by a parameter k [46]
F =
∑
n
[
a
2D
2
n +
b
4D
4
n +
k
2(Dn −Dn−1)−DnE
]
(2.14)
From this it is possible to extract the temporal average change of polarisation
dD
dt
, expressing the
fact that
dD
dt
reaches equilibrium faster, the larger the thermodynamic energy of the system [79]
γ
dDn
dt
= − dF
dDn
(2.15)
where γ is a viscosity coefficient of the material that can be derived from the loss component of
dielectric susceptibility. This equation can only be solved numerically, in which case it converges
with stretched exponentials the type of
dD
dt
= D · e
(
−t
τsw
)β
(2.16)
Where τ is a characteristic time constant and β a stretching factor. The difference to the KAIO
model in this case is that the stretching factor β is an expression of the distribution of switching
times, not the dimensionality of the process. This approach allows estimation of the switching
behaviour based on electric field and temperature, however it also is a semi-empirical approach
and does not take into account the statistical nature of the switching process.
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2.4.3 Non-Equilibrium Switching Model
A more recent approach of describing switching kinetics in ferroelectrics is based on non-
equilibrium physics [23, 80].
Polarisation states in ferroelectrics can be described as quantum wells. Individual states are
associated with an occupational probability Pn depending on the energetic state of the system and
are separated by an energetic barrier. Using Pauli’s master equation the time resolved probability
of changing from one state to the other can be described as
dPl
dt
=
∑
m 6=l
[al,mPm(t)− al,mPl(t)] (2.17)
where 1 ≤ l,m ≤ Ω with l,m taking integer values and Ω being the number of possible states.
When limiting the possible states to 0◦ and 180◦ domains, solving the resulting pair of differential
equations leads to the following time dependent probabilities [80]:
P1(t) = e
−t
τsw + P1(∞)
1− e
−t
τsw
 (2.18)
P1(t) = (1− P1(∞))
1− e
−t
τsw
 (2.19)
where P1(∞) is the occupational probability of state 1 at equilibrium (t =∞):
P1(∞) =
1 + e
W1 −W2
kbT

−1
(2.20)
and τsw is the switching time
τsw = ν−10 e
WB − psE
kBT (2.21)
W1,W2 are the absolute values of the energy in either of the two states and WB the energy of the
barrier. kBT is the thermal energy and ν0 the number of trials per second to overcome the barrier.
ps is the spontaneous electrical polarisation of the system.
From this the time dependent expression for the switched polarisation/electric displacement can
be obtained [80]:
dD(t)
dt
= 2ps
τsw
e
−
t
τsw (1− P1(∞)) (2.22)
This model shows an explicit dependence on electric field and temperature. It also suggests a
substantial thermal dependence of the switching time.
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2.4.4 Conclusions
Three models have been presented in this section. The KAIO model describes switching as a
spontaneous nucleation process. While it remains commonly used up to today its applicability
remains questionable. While thanks to the introduction of empirical correction factors it can
be used to fit switching transients it fails to relate the fitting parameters to physical origins.
Furthermore in the derivation of the model the stretching exponent is an expression of the
dimensionality of the nucleation and growth process and cannot take values smaller than one.
In fits to actual data the stretching exponent commonly takes values smaller than one, which
would imply a negative dimensionality of the switching process which of course does not make
physical sense.
Models based on Landau-Ginzburg-Devonshire treat ferroelectric switching as a phase transition,
induced by changes in the free energy of the system in form of a power series expansion. As
such the model is universally applicable; however, for it to have any physical meaning the
coefficients of the power series have to be derived from physical states of the system. As such
the application of the model to switching dynamics has to be taken with caution as it is only
valid while the underlying assumptions are met. As such the model loses validity in vicinity of
the phase transition temperature.
The non-equilibrium model is an application of Landau-Ginzburg-Devonshire with an explicit
derivation of the coefficients from physical properties. As such it is the most advanced model to
date and able to describe ferroelectric switching within the constraints of its derivation:
• It employs Landau-Ginzburg-Devonshire theory and as ferroelectricity is a non-continuous
phase transition it is therefore not applicable in vicinity of the phase transition.
• It assumes constant stress which of course due to the piezoelectric effect is not the case in
ferroelectrics. As such it is not applicable for mechanically highly constrained systems
and therefore might not yield good results for thin films.
• It assumes a uniform and constant temperature in the material which might make it not
applicable for materials with pronounced electrocaloric effect (most relaxors materials
do).
2.5 Ferroelectric Fatigue
In the larger context of ferroelectricity fatigue is one of the most explored topics. Ferroelectric
fatigue can be broadly defined as the degradation of the material’s properties associated with the
application of a cyclic electric field. Various terms have been used synonymously to describe
the same phenomena: "ferroelectric fatigue" [81], "electro-active fatigue" [82] and "polarisation
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fatigue" [83]. "Fatigue" is different from "ageing" which describes the variation of properties
with time without cyclic load [63]. The fatigue rate during electrical cycling will ultimately
determine a device’s lifetime, i.e. the total amount of of cycles that the device can be subjected
to while maintaining adequate performance.
Degradation due to ferroelectric fatigue can lead to a change in various parameters which can
include:
• A change in the polarisation-electric field loop of the material, such as a decrease in
remnant polarisation or an increase in coercive field [84, 85, 86]. This is of particular
importance for memory devices.
• A decrease in the strain-field characteristics of the material and its associated coupling
coefficients [63, 81, 84, 87, 88]. This is of great importance for actuators.
• An increase in leakage currents and reduction of the dielectric breakdown voltages [88, 89,
90, 91]. This is of particular importance for capacitors
2.5.1 Ageing
In the larger context of the deterioration of ferroelectric properties there appears to be some
ambiguity regarding the terms ageing and fatigue, brought by the use of misleading terminologies
such as fatigue-ageing used in the early days of ferroelectric research. Fatigue has to be strictly
distinguished from ageing. While fatigue is the result of repetitive application of external loads,
ageing is a pure time effect under constant loads [36, 92]. Even though some of the microscopic
mechanisms may be similar, it is imperative for the proper notation to be used.
2.5.2 Experimental Findings
Domain Pinning
Generally speaking ferroelectric materials show a reduction of polarisation with increasing
number of switching cycles. The specific number of cycles required to observe these effects
is electric field and material dependent and can range from as few as 20 cycles to 109 cycles
and beyond [93]. Research done on the subject indicates that this behaviour can largely be
attributed to the dynamics of point defects in the material [94, 95]. Non-switchable (pinned)
domains have been observed in piezo force microscopy, where the number of pinned domains
increases with the number of switching cycles [96]. In other words the polarisation decreases
with the number of domains able to switch. The importance of domain pinning due to point
defects and their agglomerates is supported by the ability to recover most, if not all, of the lost
polarisation by heat treatment of the specimen. This treatment involves heating the specimen
past its Curie temperature. During the transition to the paraelectric phase all domain structure,
pinned or unpinned, is lost and new domains are formed when the specimen cools down again.
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These new domains are no longer pinned [82]. Oxygen vacancies, due to their high mobility,
appear to take the dominant role in the causes of domain pinning [93, 97, 98]. The rate of fatigue
is reported to show dependence on oxygen concentration around the sample [99] and in the
ferroelectric-electrode interface [63, 83].
Microcracking
In addition to the pinning of domains the occurrence of microscopic and macroscopic cracks
in the material can also be observed. Each of these cracks essentially creates an interface with
highly elevated energy barriers. As such cracks prohibit the movement of domain walls and
can cause domain pinning. Microcracking is primarily associated with the high internal stresses
caused during domain switching [63]. It can also be attributed to electric field induced phase
transformations [63], due to non-uniform electric fields on electrode edges [100, 101]. In contrast
to domain pinning, polarisation loss due to microcracking is a mechanical form of damage that
cannot be recovered by heat treatment [88, 98, 102, 103, 104].
Influence of Temperature
Contradicting results have been reported regarding the dependence of fatigue on temperature.
The examination of multilayer ceramic actuators found the rate of fatigue to increase with
temperature [90, 91]. This appeared to be an ageing effect rather than fatigue related, as similar
behaviour was as well observed under application of a DC bias in a humid environment at
elevated temperatures. It was attributed to the diffusion of electrode ions and oxygen vacancies
that lead to a reduction in resistance and ultimately dielectric breakdown of the material.
In soft PZT ceramics temperature was found to have a mitigating effect on fatigue where little
evidence of fatigue was observed after 107 cycles at 100◦C whereas fatigue was pronounced
after the same amount of cycled at room temperature and even more so at −20◦C [88]. Similar
behaviour was observed in PLZT ceramics that showed no fatigue when cycled at temperatures
above the dielectric maximum of the material [82]. In both cases it was proposed that as
temperature increases and the thermally activated switching is eased the local stresses that occur
during switching inside the material are reduced, thus reducing their effect on fatigue.
Frequency Effect on Fatigue
The rate of fatigue has been reported to occur strongly dependent on the repetition the excitation.
Lower excitation frequency have been found to cause more/accelerated fatigue in the material
compared to higher frequencies [83, 105, 106]. It has also been shown that crack growth occurs
more pronounced at lower frequencies [92, 107]. Zhang et al. [106] suggested that the cause
of this effect is related to domain walls being the crucial mechanism of fatigue. Though this
theory has not been proven, others have suggested that particularly needle shaped domains could
create large enough electric fields at domain walls to move point defects ahead of them [36].
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Pojprapai et al. [107] suggested that ferroelastic stresses at domain walls could drive the growth
existing cracks. This explanation relies on higher frequency, equating to a higher repetition
rate, not granting the material sufficient time to switch completely, thus reducing the amount of
ferroelastic stress generated. While a plausible explanation the required domain wall velocities
would have to be well inside the creep regime, which is at odds with experimental observations
where even at large electric fields differences in the rate of fatigue have been found at very low
frequencies of Hz.
Unipolar Conditions
Most fatigue studies utilised bipolar cycling conditions where the material is repeatedly switched
from one polarisation direction to another. Under unipolar conditions the direction of polarisation
remains unaltered. Significantly less work has examined unipolar conditions and the amount of
available information is surprisingly sparse. The general evidence suggests that under unipolar
conditions fatigue is less pronounced than for bipolar conditions [88, 108, 109]. Unipolar
conditions do not appear to induce strong domain pinning, instead fatigue was attributed to
charge accumulation at grain boundaries that may result in micro cracking [108].
Fatigue in Thin Films
Thin films are receiving increasing attention due to their possible applications in non-volatile
memories, transistor alternatives and micro-mechanical systems (MEMS). In the fatigue in thin
films domain pinning is taking a pronounced role [110, 111, 112]. In addition electrodes, film
thickness and amplitude and frequency of the applied electric field appear to affect the rate of
fatigue [83].
Effects of Electrodes and Film Thickness
As with bulk materials, the rate of fatigue shows dependence on the ferroelectric-electrode
interface. The use of oxide electrodes, metal-oxide hybrid electrodes has been shown to increase
fatigue endurance significantly compared to standard Pt or Au electrodes [113, 114, 115, 116].
This is due to the oxides’ permeability to oxygen which reduces the agglomeration of oxygen
vacancies at the ferroelectric-electrode interface.
Contradicting reports show both, a correlation, as well as independence of film thickness with
fatigue rates. Reported thickness dependence appears to be directly related to the PZT-electrode
interfaces. Metal electrode systems (Pt/PZT/Pt) show a pronounced dependence [117, 118]
whereas in oxide electrode systems (RuO2/PZT/RuO2) this effect cannot be traced [119, 120].
Further investigation of this phenomenon suggested that the film-electrode interfaces are a key
factors determining the fatigue behaviour of ferroelectric thin films.
Addressing these effects it was proposed that the appearance and growth of low-dielectric
constant ’dead layers’ is a possible reason for fatigue in thin films [120, 121, 122, 123]. As
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the interface layer grows during fatigue the effective electric field applied to the ferroelectric is
reduced, thus reducing the amount of polarisation being switched each cycle [122]. Although
the microscopic nature of this layer is still not fully understood and was considered controversial
for an extended period of time [112, 124], it is today considered a major contributor to thin film
fatigue and considerable effort was spent on extending the model to other interfaces apart from
electrode-ferroelectric [125] and limiting the effects of dead layers on the material [112, 126].
Effects of Amplitude and Frequency of Electric Field
Fatigue in ferroelectric thin films was found to be both virtually independent of field amplitude
[127, 128], as well as accelerated for higher amplitudes [121, 129, 130]. While this report seems
initially contradicting, it is noteworthy that [121, 129, 130] have used pulses durations shorter
than one µs whereas [127, 128] have used pulses of multiple µs. The situation therefore seems a
lot more complex and suggests a dependency not only on amplitude, but also on rise time and
duration of the electric field.
2.6 Defect Chemistry and Fatigue
2.6.1 Point Defects
The smallest scale defect relevant to fatigue is the individual point defect. As such a defect
does not match the electronic and elastic structure of the host lattice it will therefore alter the
local ordering of the unit cell that manifests itself in most cases as a loss of ferroelectricity of
this cell. Is the defect charged, meaning it corresponds to electrons and holes that have moved
into the conduction or valence band it will exert considerable forces onto its neighbouring cells,
often referred to as relaxation of the neighbourhood. As polarisability of ferroelectrics is rather
high the exerted forces will decay fairly rapidly into the volume of the ferroelectric domain.
Nevertheless locally a finite volume will be strongly oriented by the defect so that it can no longer
or only partially participate in the ferroelectric switching process. Influence of point defects
on ageing and fatigue of ferroelectrics have been investigated extensively [131, 132, 133, 134].
It has been found that particularly oxygen vacancies that form defect associates or contribute
to charge transport by ionic motion are very relevant in this context [92, 135, 136, 137]. First
principles calculations [136, 138] where an oxygen vacancy was introduced into a 40 atom
supercell suggest three different configurations regarding to nearest neighbour relaxation. The
first one is a relaxation around the vacancy VC for a type O(1) location. Type O(1) locations
are those which form linear Ti−O − Ti chains along the polarisation direction [133]. These
vacancies induce tail-to-tail domains in their vicinity. The next O(2) type are oxygen vacancies
Vab with respect to the polarisation of the domain. Two possible polarisation orientations exist;
one which is simply the polarisation orientation of the domain V swab that is switchable and one
with a tail-to-tail configuration V upab . According to the model VC is more stable than the other
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two Vab.
2.6.2 Defect Agglomerates
The next scale up is constituted of agglomerations of defects. These agglomerates may be
as small as a single dipole or larger units of agglomerated ions. The most obvious way to
incorporate agglomeration into the general equilibrium of defects is to treat them as irreversible
sinks [36, 138]. Is the enthalpy for attraction of the defect ion sufficiently high the sink can be
considered absolute. In strong analogy to a nucleation and growth process of phase transitions
the rate at which ionic defect agglomerate is initially determined by the number of starting
agglomerates (seeds) and later by the growth rate of the agglomerate. The effective interaction
range of solute defects in solids is short. Therefore the driving force for reaching thermal
equilibrium is high in a small volume around a seed, but once this volume is emptied, only
mechanisms able to move larger amounts of defects will be able to bring new defects into the
volume [36, 138, 139]. This is the major reason why defect agglomeration is very pronounced in
fatigue where cyclic loading causes domain wall motion induced drift forces to be exerted on the
ionic species [36, 107]. The importance of defect agglomeration in the explanation of ferroelectric
fatigued is emphasized by the fact that the effects of fatigue can be somewhat recovered by
increasing the overall energy of the system, thus lowering stability of such agglomerates and
causing redistribution of defects throughout the material. This increase in energy can be achieved
by exposing the material to UV radiation and bias field [140], by increasing electrical fields in
bipolar loading [93, 109, 141] or more commonly by annealing the sample at temperatures above
the Curie temperature of the material [93, 108, 142, 143].
2.6.3 Defect Formation
Direct quantitative analysis of defect concentrations and mobilities is experimentally challenging,
since there is a wide range of possible defect reactions that can lead to the formation of vacancies
and defect associates. Traditionally defect chemistry of perovskites has been discussed in the
framework of Brouwer approximation [144, 145]. More recently conceptually more fundamental
approaches to address the problem of defect equilibria in metal oxides has been found in the
methodology of ab-initio thermodynamics [146, 147, 148, 149]:
The formation energy of a point defect ∆Gd in charge state q depends on the chemical potentials
µj of the constituents and the electron chemical potential µe [150, 151]
∆Gd = (Gdef −Ghost)−
∑
j
∆njµj + q(EV BM + µe) (2.23)
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where Gdef and Ghost are the Gibbs free energies of the system with and without defects. ∆nj
denotes the difference in the number of atoms of type j between these two systems. The sum
runs over the elements j present in the system. The position of the valence band EV BM defines
the reference of the energy scale for the chemical potential µe.
The chemical potential can be expressed as the chemical potential of the ground state µ0j and the
variation relative of the ground state ∆µj
µj = µ0j + ∆µj (2.24)
Knowledge of the defect formation energy allows to calculate the defect concentration as a
function of temperature, given by
cdi = c0i e
(−
∆Gdi (µj, µe)
kBT
)
(2.25)
where c0i is the number of sites available for defects on the respective superlattice per volume.
The electron chemical potential µe is not actually a free parameter, but is bound by the charge
neutrality condition [139]
ne + nA = nh + nD (2.26)
that links the concentration of intrinsic electrons ne and holes nh to the concentration of charge
carriers induced by acceptors nA and donors nD.
Using this approach studies on barium titanate have been carried out that allow comparison
between calculated and experimental data [149, 152]. It was found that defect formation energies
vary strongly with chemical equilibrium conditions. In the metal-rich limit oxygen vacancies
prevail. These have comparatively small formation energies and are therefore abundant defects. It
was also found that for certain Fermi levels formation energies can be negative, which determines
the pinning energy pin. This implies that under equilibrium conditions the material cannot
assume Fermi levels that are closer to the valence band maximum than pin [151]. If the Fermi
level position was electrochemically shifted beyond pinning levels, defect formation would occur
spontaneously as this would be thermodynamically favourable. Local defect generation thus
might be a reason for inhomogeneous polarisation or structural degradation. Experimentally
it was found that the variation of Fermi level positions is comparable in the bulk, surface and
interfaces of barium titanate [153, 154, 155, 156]. The electrochemical stability limit may be
reached in any of these locations.
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2.6.4 Defect Dipoles
In the late 70s it was first proposed that the ageing phenomenon is the result of a gradual
reorientation of defect dipoles in the perovskite lattice. From analysis of hysteresis loops and
microscopical observation of moving domain walls, they concluded that the ferroelectric domain
stabilisation in Mn-doped BTO was due to bulk effects [157]. A defect dipole is the formation
of a charged defect associate by an oxygen vacancy V •• with dopants such as Mn forming
(Mn′′T i−V ••). Electron paramagnetic spin resonance (ESR) measurements have shown that asso-
ciates exist in the material that have an equiproportionally orientation parallel to the spontaneous
polarisation of the material [135, 158, 159, 160]. In lead based perovskites defect dipoles can
also be formed with copper (Cu′′T i/Zr − V ••) [161, 162] or iron substitutes as acceptor centres
(Fe′′T i/Zr − V ••) [163, 164, 165, 166].
While the formation of defect dipoles at room temperature is widely accepted, considerably less
is known about their thermodynamic stability [167]. Electronic density functional theory (DFT)
calculations have been carried out for various distances and positions of both defects in copper
doped lead titanate [131]. it was found that binding energies in the direct neighbour shell of the
dopant exhibit thermodynamically significant binding energies larger than −0.5eV . Therefore at
room temperature the dissociation reaction
(Cu′′T i − V ••O ) ⇀↽ Cu
′′
T i + V ••O (2.27)
is fully on the left side. In equilibrium condition all dopants should be paired with a vacancy.
Silimar binding energies have been found in KNN [168].
In addition to acceptor-vacancy complexes, according to DFT calculations, also intrinsic vacancy
associates exist. (V ′′Pb− V ••0 )x associates have been found to have a significant dipole moment in
lead titanate [137]. Similarly (V ′′Ba − V ••O )x and (V ′′′′T i − V ••O )′′ di-vacancies in BTO have been
assigned binding energies of −0.62eV and −1.93eV respectively.
Experimentally it was shown that non-switching defect dipoles in BTO impose a restoring force
for reversible domain switching [160, 169]. Similarly it was shown that in Fe3+ doped PZT
defect dipoles are not preferentially located at domain walls but within the domains themselves
[170]. In bipolar conditions a dynamic equilibrium between defect dipoles that are aligned
parallel and anti parallel and can therefore be seen as a major contributor in the deageing of PZT
ceramics [171, 172].
The concept has largely been applied to explain ageing phenomena [133, 134, 140, 157, 173, 174].
In this case the gradual switching of defect dipoles towards an energetic equilibrium causes an
anisotropy in the alignment of defect dipoles, thus reducing the net polarisation of the material.
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It was found that the overall energetic state of the system is crucial to the reorientation of defect
dipoles. In BTO dipole anisotropy found locally by ESR measurements was hugely accelerated
when energy levels were elevated by additional UV illumination or additional elevated tempera-
ture close to the Curie temperature [140, 175, 176].
2.6.5 Dipole Switching
Observation of defect dipole alignment by electron paramagnetic spin resonance (ESR) had a
broad impact on the understanding of the material’s degradation with time. Characteristic time
scales of switching kinetics however are difficult to resolve experimentally which is why at
this point most advances on understanding the dynamics have been made by density functional
theory (DFT). Defect dipoles carry a dipole moment. On a cubic lattice the orientation of these
dipoles is energetically degenerate. In the presence of electric fields this degeneracy is is lifted
[133, 177]. Depending on barrier energies, temperature and cooling rate dipoles might not have
sufficient time to achieve the orientation with the lowest energy. As metal defects are rather
immobile reorientation of these dipoles more likely occurs by oxygen vacancy jumps. The
orientation therefore is determined by the barrier energy of the oxygen vacancy jump in the first
neighbourhood of the metal vacancy. It was also shown that the barrier for reorientation also
depends on the position of the migrating oxygen vacancy with respect to the iron atom and the
spontaneous polarisation [178].
Studies on hard PZT ceramics have been assigning activation energies of about 0.6eV to short-
range hopping which could be due to the reorientation of microdipoles [132]. Similar values
ranging from 0.62eV to 1.17eV were found in calculations of migration barriers for various
possible vacancy jumps in the vicinity of the Cu dopant [131]. Values for Fe-vacancy associates
have been found to be slightly lower. Using these barrier energies it is possible to determine
effective jump rates and solve a set of rate equations in order to determine the population of
distinct vacancy positions with time [131].
Figure 2.11 shows the temporal evolution of the relative vacancy concentrations. Initially all
vacancies are statistically distributed, after which the vacancy distribution changes in three
stages. At the first stage unbound vacancies move to the energetically preferred VC sites. In
the second phase the dopants begin to capture vacancies and (CuT i − VC2) associates dominate
over (CuT i − Vab) associates, as these are more accessible even though they are energetically
less favourable. In the third stage vacancy-dopant associates take over with (CuT i − VC1) being
dominant where virtually all vacancies occupy the lowest energy level. At this point the material
has reached its fully aged state.
In this model bipolar cycling leads to a dynamic equilibrium between defect dipoles that are
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Figure 2.11: Vacancy redistribution in the absence of electric field for Cu-doped lead titanate.
Shown is the temporal evolution of the relative concentrations of different vacancy types at a
temperature of 300K and for a Cu concentration of 5%. Reprinted with permission from [131]
aligned parallel and anti-parallel. Figue 2.12 shows an example of this behaviour.
Figure 2.12: Vacancy redistribution of a fully aged sample in the presence of an external bipolar
field at 1Hz. Solid lines showCuT i−VC1 associates and dotted lines showCuT i−VC2 Reprinted
with permission from [131]
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The observed behaviour is in line with experimental observations of deageing by the application
of bipolar electric fields [171, 172]. In Cu-doped lead titanate the dynamic equilibrium takes
several months at 300K to reach, but is massively accelerated if temperature is slightly increased.
Noteworthy is the low cycling frequency of 1Hz. During fast cycling, the defect-dipoles are
expected not to change orientation, as time constants of the vacancy jump are expected to be
longer than the switching process [92]. In case of non-switching defect dipoles evidence was
found that the dipoles impose a restoring force for reversible domain switching [160, 169].
Figure 2.13 shows the defect dipole rearrangements for different conditions.
Figure 2.13: Defect dipole rearrangements for different conditions. The large arrows indicate
the matrixpolarization in different domains while the small arrows represent defect dipoles. The
thick solid line illustrates the position of a 90◦ domain wall. Reprinted with permission from
[131]
In the initial unpoled high temperature state arrangement of dipoles is random. After cooling
and poling dipoles are aligned with the spontaneous polarisation. In this case the head-to-tail
arrangement of dipoles has been shown to be more stable compared to a head-to-head or tail-
to-tail arrangement [179]. After cycling when half of the dipoles are aligned anti-parallel to
the polarisation the resulting head-to-head and tail-to-tail configuration creates an energetically
higher state. In this case, even though macroscopic polarisation changes may be small, this
energy landscape may have a significant indirect impact by pinning domain walls and reducing
their mobility [180].
2.7 Electrocaloric Effect
The electrocaloric effect describes a phenomenon that causes a change in temperature of a
material in response to an electric field being applied or removed. Drawing analogies from the
magnetocaloric effect, which describes a similar phenomenon in response to magnetic fields
[181], it is understood to be a coupling between polarisation and entropy of polar dielectrics that
causes an adiabatic temperature change (∆T ) to be produced in response to the application of an
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electric field E [182]. Figure 2.14 shows an illustration of the dipole moment with and without
applied electric field. The application of the electric field causes the dipole moments to align,
thus reducing the entropy of the system.
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Figure 2.14: Illustration of the dipole moments of an electrocaloric material without (a) and with
(b) application of an electric field.
At present the electrocaloric effect is not well understood and theoretical explanations focus on
the macroscopic treatment of the effect using thermodynamic approaches. Large electrocaloric
effects occur in ferroelectric materials due to changes in both - the modulus and direction of
polarisation P of any phase transition that may occur between ferroelectric phases of different
symmetry.
It is treated as the inverse of the pyroelectric effect, though this assumption is highly controversial
, where the reversible change of internal energy (dU ) in an elastic dielectric solid follows from
the first and second laws of thermodynamics [15]:
dU = TdS + σijduij + EidDi (2.28)
T and σij are temperature and (external) stress and dS, duij and dDi are the changes in entropy,
strain and dielectric displacement. The subscripts indicate the tensorial nature of the physical
properties. The total free energy density describing the polar dielectric solid is
F = U − TS − σijuij − EiDi (2.29)
the differential of F with substitution of eq. 2.28 into eq. 2.29 yields
dF = −SdT − uijdσij −DidEi (2.30)
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As dF is an exact differential, one has
dF =
(
∂F
∂T
)
σ,E
dT +
(
∂F
∂σij
)
T,E
dσij +
(
∂F
∂Ei
)
T,σ
dEi (2.31)
Equations 2.34 and 2.31 describe the response of the thermal, elastic and dielectric response of
the system
(
∂F
∂T
)
σ,E
= −S,
(
∂F
∂σij
)
T,E
= uij,
(
∂F
∂Ei
)
T,σ
= −Di (2.32)
Differentiating the set of equations 2.32, Maxwell relations giving the compliance of the system
can be obtained. The relation giving the definition of the pyroelectric coefficient for all polar
dielectrics is given by [182]
(pi)σ =
(
∂2F
∂Ei∂T
)
σ
=
(
∂Di
∂T
)
σ,E
=
(
∂S
∂Ei
)
σ,T
(2.33)
For a ferroelectric material the adiabatic temperature change ∆T corresponding to a change of
electric field ∆E = Eb − Ea can be explicitly obtained by integration of eq. 2.33
∆T (T,Ei, σ) = −
∫ Eb
Ea
T
CE(T,Ei, σ)
(
∂Pi(T,Ei, σ)
∂T
)
E
dEi (2.34)
where CE is the heat capacity
CE =
(
∂S
∂T
)
E
(2.35)
In summary the achievable temperature change is dependent on the change in polarisation. As
such a need for a large change in polarisation is anticipated to obtain large changes in temperature
[15, 182].
2.8 Coupling Between Thermal, Electrical and
Mechanical Properties of Ferroelectrics
When considering the thermal, electrical and mechanical properties of materials each property
is commonly being treated in isolation from the others. This assumption holds true only when
referring to the equilibrium state of the material when none of the properties change with time.
When describing the dynamics of the material however all three properties are interrelated due to
their three principal effects: Electrothermal effects, thermoelastic effects and electromechanical
effects. Figure 2.15 illustrates these connections.
These interrelations of properties have been considered numerous times between 1925 and 1977
in the context of state equations [2, 183, 184, 185]. State equations express a system in terms of
its free energy. When considering the free energy it is not sufficient to treat only the external
conditions, but the internal conditions also need to be considered. This makes solutions of the
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Figure 2.15: Relations between the thermal, electrical and mechanical properties of ferroelectrics
reproduced from [183, 184]
state equations that assume one of the properties as constant (Gibbs free energy, Helmholtz free
energy) non-applicable to piezoelectric (ferroelectric) materials. The complexity of this issue
makes analytical solutions impossible and as numerical methods were not available at the time
an underlying theory describing the dynamic behaviour of ferroelectrics could not be developed.
In the later development of theory (discussed in 2.4) coupling of multiple properties has been
largely neglected: the KAIO model has got no explicit consideration of electric field, temperature
or strain and only in later additions introduces electric field as empirical correction factor. The
Landau-Ginzburg-Devonshire models also only introduces electric field and temperature as
empirical constants. The non-equilibrium model introduces the influence of electric field and
temperature derived, explicit constants, but neglects mechanical stress. It also only presents
solutions for electric field and temperature without time dependency.
These interrelations prove particularly difficult in the context of the electrocaloric effect, where
theory is not as evolved and focusses on thermodynamic approaches. A problem in this context is
that a lot of analogies are drawn from the better understood magnetocaloric effect that do not hold
true for ferroelectrics. With the exception of magnetostrictive materials such as Bariumhexaferrite
magnetisation is largely independent from strain and has no directionality. A larger change in
magnetisation therefore is analogues to a larger change in entropy and therefore temperature.
Electric polarisation however is directional which in combination with the coupling to strain can
result in negating effects. In this case the aforementioned Maxwell relation (section 2.7), that is
commonly used for indirect determination of the electrocaloric effect, does not hold true because
it relies on stress being constant. This issue will be even more emphasized for a mechanically
constrained system, as is the case in thin films. This might explain why ’giant’ electrocaloric
effects are being reported for indirect determinations [13, 14, 186, 187] that do not resemble
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temperature changes recorded in direct measurements [187, 188, 189, 190].
The importance of the connections has also been demonstrated in a few experiments. E.g. it has
been shown that the piezocaloric effect accounts for a substantial part of the temperature change
commonly attributed to the electrocaloric effect [191]. And it has been shown that the rate at
which the electric field is being applied has got a substantial influence on the magnitude of the
effect [192], neither of which can be explained by current thermodynamic treatment of the effect.
2.9 Experimental Methods For Measuring Switching
Dynamics in Ferroelectrics
2.9.1 Quantifiable Attributes of Ferroelectric Switching
Ferroelectric switching essentially describes the movement of an ion within a unit cell of the
material. Ionic movement causes a change in the polarisation of the material which alters its
electrical and optical properties.
Changes in polarisation can be obtained from measurements of currents where the charge emitted
can be related directly to the material’s polarisation. The simplicity of this type of measurements,
particularly for bulk materials, lead for this to become the most commonly used method. There
is some complexity added to the method, as in an actual ferroelectric changes in polarisation
are not solely caused by switching, but also need to take the dielectric and mechanical response
of the material into account, which can be achieved either by fitting multi-component transient
current models or using subtractive methods to remove unwanted contributions.
Optical methods make use of the electro-optical effect that causes a change in polarisation to
also change the refractive index of the material. Therefore the change in polarisation can be
measured in form of an intensity change of light being reflected off the surface of the material.
Due to the high time resolution that is achievable using optical pump-probe methods this type
of measurement has been used primarily to observe switching behaviour in thin films. Apart
from the technical aspect of it additional complexity of this method arises from the fact that
the optical properties of the material do not change solely due to the electro-optical effect, but
also due to the optical anisotropy and mechanical distortion of the material: The asymmetry
inherent to all ferroelectrics means that the refractive index of the material is directional relative
to the position of the switchable ion. As such moving the ion during switching will automatically
cause an additional change in refractive index. Similarly geometric distortion brought by the
piezoelectric effect will cause additional, and directional, changes in the refractive index. As
such the measured response would need to be de-convoluted to relate the data solely to a change
in polarisation and therefore switching, however this added complexity is commonly neglected.
This issue in combination with the very narrow time window of optical methods begs the question
whether the response reported as switching is not simply the result of another property being
measured. The reported times have a tendency to be suspiciously close to the rise times of the
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electrical excitation and therefore could be result of a faster process e.g. geometric distortion
due to the piezoresponse of the material.
2.9.2 Measured Switching Time Constants
Polarisation dynamics in ferroelectrics originate from processes that are intrinsically limited in
their velocity. For a unit cell to change polarisation an ion has to overcome an energetic barrier
before settling in an energetically lower state. This change in the energetic state is combined
with actual mechanical movement from one position in the unit cell to another. In a single unit
cell of an ideal material the fastest this process can occur is therefore limited by the inertia of
the displaced atom, putting time constants at room temperature on a picosecond-to-nanosecond
timescale [23]. In ideal structures made of multiple unit cells the cooperative effects have to
be taken into account, meaning an entire domain does not switch at once, but nucleates and
grows as adjacent cells switch. In actual materials defects such as dopants, vacancies, grain
boundaries and substrate or electrode interfaces have a slowing affect on the switching process,
due to their introduction of additional energetic barriers. For bulk materials time constants in the
higher nanoseconds to microseconds have been reported [193, 194, 195, 196]. Thin films exhibit
switching in the high picosecond-to-nanosecond timescale [197].
2.9.3 Transient Measurements in Bulk Materials
Most studies relating the flow of electric charge to investigations of polarisation dynamics have
been performed in the time domain between 10ns to 10µs [193, 194, 195, 196]. In later work
this time window has been expanded up to milliseconds, yielding a more thorough understanding
of retarded switching effects [198]. Experimental transient investigation apparatus in use today
commonly utilises a high-voltage high-speed MOSFET Gate in combination with a shunt resistor,
reference capacitor or charge amplifier and oscilloscope for the transient capture.
Figure 2.16 (b) shows suggested circuits for this type of measurement. (c) shows a circuit without
switch in which case the slew rate of the high voltage source is the defining limitation of the
circuit. The circuit presented in (a) is slightly suspect, as it suggests the use of a Hall effect
current sensor to keep the resistance and capacitance of the circuit low. However Hall effect
probes typically are very limited in their dynamic range and could not be used to capture time
constants suggested in the figure.
Besides yielding information about the physical mechanisms involved in the relaxation the
examination of relaxation transients can also be used to describe fatigue associated behaviour in
bulk material [199, 200].
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Figure 2.16: Examples of measurement circuits for switching current responses at various time
scales. Reprinted with permission from [198]
2.9.4 Optical Techniques for Measurements of Switching
Dynamics in Thin Films
A variety of optical methods to measure polarisation dynamics in thin films have been developed
over recent years [197, 201, 202, 203, 204, 205]. These methods utilise the electro-optical
effect which changes the refractive index of a material depending on its polarisation to measure
switching in thin films in a pump-probe setup.
Figure 2.17: Examples of an optical pump-probe system. Reprinted with permission from [201]
Time resolution is achieved by the introduction of an optical or electrical delay line into the
system. The methods used to excite the material vary between these methods. Earlier setups
[201, 203] use single frequency GHz oscillators while more current setups [197, 205] are based
on photoconductive switches to generate electrical pulses. These systems achieve picosecond
time resolution, however the short duration and height of the generated pulses greatly limits
the dynamic range of the system, as longer time constants cannot be captured. The strong
CHAPTER 2. BACKGROUND 40
dependence of polarisation dynamics on thermal energy also has to be considered as optical
readout techniques inevitably cause local heating effects in the specimen.
2.9.5 Electrical Techniques for Measurements of Switching
Dynamics in Thin Films
Only one group has recently developed a system which utilises time-domain reflectometry to
probe switching processes [206, 207]. However the use of relatively slow pulse generation and
readout limit the system to ns time resolution, thus obscuring faster processes.
2.10 Summary and Topics of This Thesis
Most research done on ferroelectric materials has been based on quasi-static characterisation
methods with considerably less attention spent on the dynamics of ferroelectric switching and its
inherent effects.
While there has been considerable work done on the characterisation of switching transients in
bulk materials, the focus in this regard has been on charge transients occurring when a large
electric field is applied. Considerably less effort has been spent on understanding the discharge
transient during the transition from an applied electric field towards ground which might in part
at least be attributed to a simplified ’up-down’ understanding of ferroelectricity and the general
misconception that ’backswitching’ is insignificant. However as ferroelectric switching is a
thermally activated process the system will assume the energetically most favourable polarisation
state in response to any change in the external conditions. The material’s discharge is also more
important from a technical perspective, as ferroelectrics are commonly used as energy storage in
power electronics. This topic is addressed in chapter 3 that presents the development of a rapid
discharge system to investigate backswitching. In extension the technical importance of such a
system is presented in form of a study on a ferroelectric capacitor.
Theory regarding the electrocaloric effect (ECE) is very rudimentary at present. Only a sim-
plistic thermodynamic model with strong analogy to the magnetocaloric effect is being utilised
which, contrary to its name, only considers state equations with complete disregard for dynamics.
Ferroelectrics however, unlike ferromagnets, have a complex three-way coupling between their
electrical, thermal and mechanical properties. As such the applicability of the state equations
utilised to describe the system is highly debatable. Particularly the assumption of constant stress
in the derivation of the effect is problematic, as all ferroelectrics show a pronounced piezoelectric
effect. This might for example explain why the model suggests large ECEs to occur in thin
films while it has so far not been possible to validate these reports using direct measurement
techniques. In addition the simple thermodynamic model does not take into account the effect
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of ferroelectric switching on the ECE and conversely the affect the ECE has on the thermally
activated ferroelectric switching. Chapter 4 investigates a link between ECE and the retarded
switching phenomenon in ferroelectric materials. The findings are then included in a finite
element model to further investigate the effect that the ECE has got on switching.
Fatigue in ferroelectrics has been extensively studied. However studies focussed primarily on
bipolar fatigue with only a few studies on unipolar fatigue at high electric fields. Technically
viable studies performed at low electric fields so far are not represented in literature. In addition
fatigue commonly has been treated quasi static, even though there are suggestions in literature
that the dynamics of the electric field play a crucial role in the rate of fatigue. While it has
been suggested that this dependence originates from incomplete switching occurring at higher
excitation frequencies an explanation of what causes this incomplete switching has not been
sought. The first half of chapter 5 addresses fatigue due to low electric fields in form of a study
on bulk PZT. The second half focuses on an explanation of the frequency dependence of fatigue
based on the electrocaloric-switching coupling presented in chapter 4
The characterisation of ferroelectric switching in thin films at present is not well evolved. This
shows in the divergence of reported values, where one group of experiments report values in
the low ns while other groups of experiments report values orders of magnitudes shorter. This
inconsistency raises questions on the reliability of methods being utilised. Optical systems are
particularly problematic in that regard, as attempts to deconvolve the complex responses of
the system have either not been made or not reported in the publications. Overall it has to be
said that the fundamental question of how fast switching can occur in thin films has not been
answered satisfactory. This topic forms chapter 6 of this thesis which presents the development
of an all-electrical system to investigate switching behaviour in thin film PZT.
Chapter 3
Characterisation of Polarisation
Dynamics in Bulk Materials
3.1 Introduction
Capacitors are vital components in most electric devices and electric power systems. An ideal
capacitor combines high energy density with temperature stable response [7, 8, 9, 10, 11, 12].
In reality however there is no all-round solution that satisfies all requirements at once. Instead
specific types of capacitors have to be selected depending on the intended application [208].
Electrolyte capacitors for example have high energy densities, however they lack thermal stability
and fast response. Non-ferroelectric ceramic capacitors like CaZrO3 are often used for higher
operating temperature ranges. Polarisation in these types of capacitors is dominated by ionic
contributions, resulting in a high thermal and mechanical stability. However this comes at
the expense of energy density, resulting in large volumes of stacked capacitors depending on
application. More compact device designs can be achieved using ferroelectric ceramic capac-
itors, due to their large associated dielectric permittivity. These generally have higher energy
densities, however their temperature stability is limited as approaching the Curie temperature of
the material causes an abrupt change in energy density [12]. The discharge current of charge
stored in the switching behaviour of the material is also intrinsically limited, which makes these
types of capacitors unsuitable for high-speed applications.
As, due to energy being stored in piezo response and ferroelectric switching, the discharge be-
haviour of ferroelectric capacitors is non-linear in nature its characterisation requires a different
approach as permittivity measurements of the material by themselves are insufficient.
(Anti)Ferroelectric capacitors, such as PLZT, due to their high energy density, are often used in
pulse-power applications [42, 209, 210]. This chapter presents the development of a time-domain
rapid discharge system for characterisation of ferroelectric capacitive devices for pulse power
42
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applications. The system’s abilities for technical characterisation of energy and power density are
discussed. Additionally the insights into the internal polarisation dynamics that can be obtained
are investigated.
3.2 System Design
For non-linear electric capacitors it is not sufficient to examine solely the frequency domain
response to fully characterise their discharge behaviour. Additionally it is necessary to examine
their rapid charge and discharge behaviour in the time domain. Characterising capacitors in
terms of their rapid discharge behaviour however is non trivial, as this requires the measurement
system to respond on timescales much faster than the discharge time. Thus ideally the circuit
resistance is kept as low as possible to allow the largest possible discharge current. However
a circuit also includes inevitable parasitics in the form of capacitances and inductances. These
parasitics cause electrical resonances in the circuit in the form of oscillations, particularly in
combination with large currents. Therefore the system needs to be balanced with additional
resistances and passive snubber elements to dampen and suppress any occurring oscillations.
The design essentially becomes a trade off between speed and stability.
3.2.1 Basic Circuit
The core of the developed system is based on a high-speed high-current MOSFET. Similar
approaches have been used to enable rapid capacitor discharges in other experiments in re-
cent years [10, 211, 212] and also to monitor switching behaviour in ferroelectrics in the past
[193, 194, 195, 198, 199]. In the latter cases the MOSFET was used to rapidly switch from
ground to high voltage, thus producing transients that yield information on ferroelectric switch-
ing. In the case of this design however the MOSFET is used to switch rapidly from high voltage
towards ground. Examining the discharge transient not only makes more sense from a technical
perspective, as usually capacitors are used as energy storage devices, but also allows the inves-
tigation of a ferroelectric’s backswitching behaviour and associated effects, something that is
commonly neglected or denied. It is also more advantageous from a design perspective, as the
measured time constants are not dependent on the frequency response of the high-voltage source
which therefore does not require deconvolution.
A general problem of MOSFETs being utilised in high-speed applications is found in the par-
asitics of the system. In particular the combination of parasitic capacitance and inductance
causes issues, as it produces oscillations with considerable voltage spikes when the MOSFET
switches. To limit the occurrence of these issues, in the design of this circuit a MOSFET with
purposefully low parasitics was chosen (BEHLKE 11-07-HB-C). This particular MOSFET is
commonly used in radio frequency communication and purposefully designed to apply rapid
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electric field transitions to capacitive loads. In addition, essential load resistances have been
implemented into the circuit to dampen oscillations and ensure accurate measurements.
Figure 3.1 shows a schematic diagram of the circuit. The MOSFET is used to switch rapidly
between a high voltage source and ground. Whenever the MOSFET switches to ground the
sample is rapidly discharged into a load resistance. At the same time the current is measured via
the voltage drop across a reference resistor. In practice a load resistance of 115Ω and a reference
resistor of 10Ω yielded good results.
HV
Trigger
Oscilloscope
Sample
Load Reference
MOSFET
Figure 3.1: Schematic diagram of the circuit. A high speed MOSFET was used to switch between
a high voltage source and ground. The current flowing in and out of the sample is monitored
across a reference resistor using a storage oscilloscope
Observing the discharge behaviour rather than the charge behaviour is not only more important
from a technical perspective, but also circumvents the problem of the voltage supply’s slew rate,
as it can be neglected when discharging directly to ground. Figure 3.2 shows an image of the
apparatus.
Figure 3.2: Photograph of the apparatus. From left to right: Sample holder with integrated tem-
perature stage. Rapid discharge box containing MOSFET and high-voltage supply. Oscilloscope
with exchangable reference resistor. PC controlling the experiment
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3.2.2 Snubber Circuit
For partially inductive loads dangerous flyback voltages1 can occur when the MOSFET is turned
off rapidly [213]. These voltages cause high-frequency oscillations preventing valuable measure-
ments to be made but also can cause damage to the sample, MOSFET and rest of the circuit as
they can be significantly higher than the applied voltage. In practical applications the voltage
spikes must be reduced by means of passive RC-snubbers. The snubber is a combination of
resistance and capacitance in series towards ground that is placed in parallel to the sample. Figure
3.3 shows a schematic diagram of the extended circuit.
HV
Trigger
Oscilloscope
Sample
Load Reference
MOSFET
Sample Circuit
Snubber
Figure 3.3: Schematic diagram of the circuit with addition of the passive RC-snubber
The required values of the snubber element are derived from the degree of dampening ζ in the
circuit and are dependent on the parasitic inductance LS and capacitance CS of the circuit [214].
The relationship between the dampening and the parasitics of the circuit is given by equation 3.1
ζ = ( 1
2Rsnub
√
LS
CS
) (3.1)
In some circuits it would therefore be possible to dampen the oscillations byRsnub alone, however
in halfbridge circuits a resistor mounted directly across the drain source would short the circuit
and prevent it from operation correctly. The solution to this problem is to add an additional
capacitance Csnub in series with Rsnub and chose Csnub so that the frequency response fc of the
snubber does not interfere with normal operation (equation 3.2)
fc =
1
2piRsnubCsnub
(3.2)
1also referred to as ringing
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The best balance between dampening ζ and frequency response fc has no single correct answer.
In practice the values given by equations 3.3 and 3.4 tend to yield a good compromise for the
type of circuit used in the experiment [215]
CSNUB ≥ 5× CS (3.3)
RSNUB =
1
2 ×
√
LS
CS
(3.4)
To determine the parasitic capacitance and inductance of the circuit the load capacitance Cload
was varied. This changes the frequency fosc of the observed oscillations which is defined by
equation 3.5
fosc =
1
2pi
√
LSCtotal
(3.5)
where Ctotal = Cload + CS . The parasitic capacitance was determined to be CS = 5.76nF and
the parasitic inductance LS = 217nH .
The implemented snubber therefore required a resistance of RSNUB = 3Ω and a capacitance of
CSNUB = 28.8nF (33nF as 28.8nF is not an available value). This puts the cut-off frequency
fc of the snubber at 1.6MHz, corresponding to a time constant of 99ns. This time constant
defines the fastest response of a sample, that will not be attenuated by the snubber.
In testing and optimising the snubber the circuit has been modelled in a SPICE simulation2.
Figure 3.4 shows the circuit of the simulation. The box ’MOSFET’ contains the parasitics of the
MOSFET. The box ’Sample’ contains the sample and the box ’Snubber’ contains the snubber
circuit. R1 and R2 are resistances used to balance the circuit.
Figure 3.4: Block diagram of the SPICE simulation. Vs1 is the voltage source producing the
step signal, TPv1 and TPv2 are voltage test points after the MOSFET and before the sample
respectively. TPi1 is a test point of the current towards ground
2using 5Spice 2.0
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Figure 3.5 shows the simulated current transient towards ground (TPi1 in the simulation) of
the MOSFET circuit with and without additional snubber. Without the snubber an oscillating
fly-back voltage is observed. With snubber the fly-back voltage is suppressed and the response
only shows the capacitor’s discharge with only a minimal undershoot occurring.
(a) (b)
Figure 3.5: SPICE simulation of the circuit without (a) and with (b) additional snubber in
response to a voltage step. X shows time in s, Y shows current passing the reference resistor.
The response with snubber is slightly underdamped which causes a minor undershoot in the
current response
3.2.3 Sample Holder
The system utilises an existing commercial sample holder of another ferroelectric tester (Aixacct
Piezo Sample Holder Unit), commonly used to record polarisation-electric field loops. Figure
3.6 shows a schematic diagram of the sample holder.
Sample
Spring Load
Load Adjust
Oil Bath
Heater
Top Electrode
Bottom Electrode
Figure 3.6: Schematic diagram of the sample holder
The holder is composed of two brass electrodes that establish contact to the sample. The top
electrode is spring loaded to ensure reliable contact and allow the sample to respond mechanically
(piezoelectrically) without introducing additional stress arising from a restained, rigid contacting
solution. The sample can be submerged in silicone oil to increase the breakdown voltage of the
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surrounding medium and allow for higher electric fields to be applied. Also implemented in the
sample holder is a heating element that allows measurements between room temperature and
200◦C. Figure 3.7 shows a photograph of a X7R capacitor sample inside the sample holder.
Figure 3.7: Photograph of a sample (X7R capacitor) inside the sample holder
3.2.4 Analysis
The discharge current is recorded by measuring the voltage drop over the reference resistor using
a storage oscilloscope. This response is then analysed by fitting discharge models to the data.
The exact equation is dependent on the discharge mechanisms of the sample and differs for the
various capacitor material types.
For example the current IRC(t) of a purely paraelectric capacitor should show a simple exponen-
tial decay corresponding to Debye relaxation (equation 3.6)
IRC(t) = IRC,0 · e
−
t
τRC (3.6)
with the time constant τRC defined by the resistance of the circuit R and the capacitance of the
sample C (equation 3.7)
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τRC = R · C (3.7)
In a ferroelectric sample changes in polarisation have multiple contributions and the discharge
current therefore is not solely composed of Debye relaxation [185]. In addition contributions
from ferroelectric switching and mechanical response also need to be accounted for in the form
of multiple relaxation components.
Current originating from the mechanical response Iosc can be described as the damped mechanical
oscillation of a simple plate capacitor (equation 3.8)
Iosc(t) = Iosc,0 · e−t/τosc · sin(ωt) (3.8)
with the dampening time constant τosc and the mechanical resonance frequency ω.
In analogy to chapter 2.4.3 the response due to ferroelectric switching follows an exponential
behaviour (equation 3.9)
Isw(t) = Isw,0 · e
−
t
τsw (3.9)
where the time constant τsw is an expression of the energetic barrier WB that has to be overcome
during switching, the spontaneous polarisation of the sample ps, as well as the applied electric
field E and the temperature T . ν0 is the fundamental phonon frequency of the material.
τsw = ν−10 e
WB − psE
kBT (3.10)
3.3 Discharge of Various Samples
There are numerous physical processes that give rise to a capacitive sample’s ability to store
energy. These processes occur on different time scales: electronic and ionic processes occur
very fast in the sub-ns regime. Processes associated with the diffusion of ions form the other
end of the spectrum, occurring at a ms to s regime. Ferroelectric switching is expected between
those two extremes, occurring on a ns to µs time scale. Assuming the measurement apparatus
has sufficient temporal resolution, it should therefore be possible to separate the measured
current into multiple components, each associated with a different discharge mechanism. The
systems shortest observable time scale is determined by its RC time constant which in turn
is dependent on the sample’s capacitance and the internal resistance of the system. With its
very low internal resistance of only 125Ω this system’s time constant should be able to separate
’slower’ ferroelectric switching (µs) from the faster Debye relaxation and mechanical response
of the system (RC limited to ns). The aim of this section is to examine discharge currents of
various materials and split them into their contributions.
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3.3.1 Linear Paraelectric Capacitor (Polypropylene Film)
This sample is a purely paraelectric ’linear’ capacitor made of polypropylene (PP) film. Various
capacitors of this type have been used to characterise the system’s response during development.
In a linear dielectric like this, only Debye relaxation in the form of a single simple exponential
I(t) = I0 · e
−
t
τ is expected where I0 =
V
R
is the current at time t = 0, V the applied voltage
and R the resistance of the circuit. τ is the characteristic time constant of the circuit and equal to
the product of resistance R and capacitance C. Figure 3.8 shows the transient and fit of a PP
film capacitor with a nominal capacitance of 4.7nF in response to a voltage step from 250V to
ground. The high voltage was applied for a duration of 5ms.
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Figure 3.8: Discharge current and fit of a 4.7nF polypropylene film capacitor from 250V to
ground
A simple exponential is fitted with the results of I0 = −1.99± 0.01A and τ = 583± 2ns. The
quality of the fit yields a R2 > 0.99 and the values are very close to the theoretical values of
I0 =
250V
125.8Ω = 1.99A and τ = RC = 125.8Ω · 4.7nF = 591ns. The small difference of < 2%
can be explained by considering that for R and C DC values were used while the real values
are frequency dependent. The observed behaviour is used as a calibration reference to prove the
accuracy of the used system and shows that no systematic errors occur.
3.3.2 Hard Lead Zirconate Titanate (PZT4D)
This sample is a ceramic bulk disc 10mm in diameter and 0.5mm in thickness. It is made of
a ’hard’ composition of the ferroelectric lead zirconate titanate near the morphotropic phase
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boundary (composition PZT4D). ’Hard’ composition means the material has been doped in a
way that energy barriers are raised to inhibit ferroelectric switching, such that only a negligible
ferroelectric contribution would be expected. The sample was supplied in a poled state. The
nominal capacitance of the sample was 1.4nF .
Figure 3.9 shows a polarisation-electric field loop of the sample. This and all subsequently shown
loops were recorded using an Aixacct TF2000 ferroelectric tester. It illustrates the poled state of
the material: In positive direction (E+) the material behaves almost like a linear capacitor. In
negative direction (E−) the response is intially linear, but changes towards a non-linear response
dominated by partial switching and losses at higher electric fields (< −10kV/cm).
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Figure 3.9: Polarisation-electric field loop of a ’hard’ PZT sample (PZT4D) at 1Hz
The following discharge currents displayed in figure 3.10 show the response of a discharge from
±5kV/cm to ground. The high voltage was applied for a duration of 5ms before switching to
ground. The PE loop shows that at this field strength the response should still be linear and
very similar for charge and discharge. The +5kV/cm transient (figure 3.10a) shows exponential
behaviour, but also the occurrence of a sinusoidal contribution. This damped oscillation is due to
the piezoelectric resonance of the sample; its frequency corresponds to the lateral mode of the
sample. The discharge from −5kV/cm to ground in figure 3.10b shows a very similar response,
as the material still behaves linearly at low negative fields.
For further analysis a fit with equation 3.11 was applied.
I(t) = I0 · e−t/τ + Iosc · e−t/τosc · sin(ωt+ φ) (3.11)
In this equation I0 is the current at time t = 0 and τ is the time constant of the discharge. Iosc
corresponds to current originating from the mechanical response, τosc is the corresponding time
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Figure 3.10: Discharge currents and fits of a PZT4D sample. a) Discharge in positive direction
from 5kV/cm to ground b) Discharge in negative direction from −5kV/cm to ground
constant, ω = 2pif the frequency and φ the phase shift of the oscillation. This fit yields an R2
value of > 0.92 in both cases. τosc in this case is not defined by the mechanical quality factor of
the sample, but by its mechanical coupling to to the sample holder.
The results in table 3.1 show that the response of the discharge from positive and negative
voltages is very similar, as expected from the PE-loop. Modifying equation 3.11 to include a
second ’switching’ term did not improve the R2 value further. The time constant τ is almost
double than the expected RC value of 175ns suggesting that the response does not follow a
simple Debye relaxation. It suggests that there might be a contribution from reversible switching,
but that either the contribution is not sufficiently large or that switching times are very close to
distinguish individual discharge mechanisms. This observation is emphasised by the fact that the
negative discharge is slightly larger with longer time constant which hints towards an increased
contribution from reversible switching. The oscillation frequency f of ≈ 230kHz corresponds
to the mechanical resonance frequency in the lateral mode of the disk sample.
Table 3.1: Coefficients of the transient fit of the discharge of a PZT4D sample from ±5kV/cm
I0[A] τ [ns] Iosc[A] τosc[µs] f [kHz]
Positive −1.12± 0.02 257± 8 0.12± 0.01 15.6± 0.1 229.8± 0.5
Negative −1.15± 0.02 297± 8 0.13± 0.01 14.8± 0.1 231.1± 0.6
3.3.3 Soft Lead Zirconate Titanate (PZT5H)
This sample is also a ceramic bulk disk 10mm in diameter and 0.5mm in height. It was made
of a ’soft’ composition of the ferroelectric lead zirconate titanate near the morphotropic phase
boundary (composition PZT5H). ’Soft’ composition means the material has been doped in a
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way that energy barriers are kept low to facilitate ferroelectric switching, such that a larger
ferroelectric contribution would be expected. The sample has been in a poled state. The nominal
capacitance of the sample is 3.3nF .
Figure 3.11 shows a polarisation-electric field loop of the sample. The loop shows the character-
istic hysteresis response of a soft ferroelectric with a large non-linear switching regime followed
by a linear saturation regime when nearly fully switched. This means that the polarity of the
electric field should have a major effect on the current transient observed: Positive electric fields
(E+) should yield a more linear non-switching response whereas negative electric fields (E−)
should show a marked non-linear response, as in this case additional switching behaviour occurs
even at low electric fields.
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Figure 3.11: Polarisation-electric field loop of a ’soft’ PZT sample (PZT5H) at 1Hz
Positive Voltage Discharge
Figure 3.12 shows the response of the sample for a transient from +5kV/cm to ground. The high
voltage was applied for a duration of 5ms before switching to ground. The transient shows an
exponential discharge with an additional oscillatory term. The oscillation occurs at ≈ 206kHz
due to the mechanical resonance frequency of the bulk disk in lateral mode. The slightly lower
frequency compared to PZT4D results from the slightly lower speed of sound (resulting from
slightly different density and compliance) in PZT5H.
The transient was fitted with equation 3.11. This fit yielded an R2 > 0.98. The introduction of a
second decay term does not improve the result further.
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Figure 3.12: Discharge current and fit of a PZT5H sample in positive +5kV/cm direction
Table 3.2: Coefficients of the transient fit of the positive discharge of a PZT5H sample from
+5kV/cm
I0[A] τ [ns] Iosc[A] τosc[µs] f [kHz]
−1.34± 0.01 688± 8 0.12± 0.01 8.8± 0.4 206.0± 0.9
Table 3.2 shows the coefficients of the fit. The time constant of 688ns obtained is slightly
longer than the expected RC value of 413ns suggesting that, similarly to the PZT4D sample, the
response does not follow a simple Debye relaxation, but is not dominated by slower processes.
Negative Discharge
Figure 3.12 shows the response of the sample for a transient from−5kV/cm to ground. The high
voltage was applied for a duration of 5ms before switching to ground. In response to the step
of the electric field the sample also shows an exponential discharge overlain with an oscillation
corresponding to the lateral mechanical resonance.
The discharge transient itself shows two exponential components; one defined by the extrinsic
time constant of the circuit (τRC) (Debye type relaxation) and a second component with much
longer time constant (τsw), accounting for a secondary physical mechanism of polarisation. For
further analysis the transient was fitted with an extended version of equation 3.11:
I(t) = IRC · e−t/τRC + Isw · e−t/τsw + Iosc · e−t/τosc · sin(ωt+ φ) (3.12)
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Figure 3.13: Discharge current and fit of a PZT5H sample in negative direction
The first term IRC · e−t/τfast accounts for all processes faster than the time constant of the circuit
(Debye). The second term Isw · e−t/τsw accounts for ferroelectric switching in the material. The
third oscillatory term Iosc ·e−t/τosc ·sin(ωt+φ) accounts for the dampened mechanical resonance
of the sample. This fit yields R2 values greater than 0.99.
Table 3.3: the negative discharge of a PZT5H sample from −5kV/cm
IRC [A] τRC [ns] Isw[A] τsw[µs] Iosc[A] τosc[µs] f [kHz]
−1.38± 0.06 511± 20 −0.60± 0.06 1.70± 0.08 0.23± 0.01 7.7± 0.2 208.0± 0.5
Of particular interest is the second term and its relation to switching in the sample. Switching, an
ionic diffusion process, is an inherently slower process than electronic or phononic (mechanical)
responses. Theory [23, 80] puts switching currents for a bulk ceramic at room temperature into
the low microsecond regime which is in agreement with the fitted values. If the Isw current does
indeed relate to switching, it should share similar behaviour to changes in the external conditions.
What is known from ferroelectric switching models is that the switching time constant for a
given energy barrier is dependent on spontaneous polarisation ps ( domain structure ) of the
sample, as well as the external driving forces in form of temperature T and electric field E. The
following section focusses on the affect of these three parameter on the sw term of the fit.
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Influence of Polarisation
The first considered influence is the polarisation status of the material. In this context it is an
expression of how much of the material is in an ordered domain structure and therefore responds
with switching to changes in the electric field.
Figure 3.14 shows switching time constant and current in dependence of polarisation using
the non-equilibrium model of ferroelectric switching [23, 80]. The peak current (a) is linearly
dependent on polarisation. The switching time constant (b) is primarily defined by energy barrier
and temperature of the material and therefore shows little change with polarisation.
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Figure 3.14: Calculated switching time constant (b) and peak current (a) as a function of
remnant polarisation. Calculated using equation 2.21 with parameters: Eapp = 2kV/cm,
kb = 8.61× 10−5eV/K, ν0 = 1013Hz, wb = 0.4675eV , T = 300K, V ∗ = 10−26m3. The peak
current has been normalised to a remnant polarisation of 25µC/cm2
Figure 3.15 shows switching time constant and current as a function of polarisation obtained
experimentally from the sample. Both, switching time and current are in excellent agreement
with the expected behaviour.
Influence of Temperature
The second parameter affecting the switching behaviour is temperature. Temperature defines the
base energy of the system, thus directly affecting the height of the energy barrier wb. Assuming a
system with single-valued energy barrier the behaviour of the discharge should change according
to figure 3.16.
With increasing temperature the energy barrier is lowered, resulting in a shorter switching time
constant (Figure 3.16b). As the amount of polarisation being switched P∞ is not changed the
shorter discharge time increases the switching current (3.16a).
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Figure 3.15: Measured switching time constant (b) and peak current (a) in dependence of remnant
polarisation. The peak current has been normalised to a remnant polarisation of 25µC/cm2
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Figure 3.16: Calculated switching time constant (b) and peak current (a) as a function of
temperature. Calculated using equation 2.21 with parameters: Eapp = 2kV/cm, kb = 8.61 ×
10−5eV/K, ν0 = 1013Hz, wb = 0.4675eV , ps = 25µC/cm2, V ∗ = 10−26m3. The peak current
has been normalised to a temperature of 300K
In practice however the observed behaviour is more complicated. The examined sample does not
have a single-valued energy barrier, but instead shows a diverse energy landscape. As energy
barriers are effectively lowered by an increase in temperature, switching is accelerated. The
dependence on temperature is exponential meaning longer switching times will be shortened
more. As direct result more switching will be observed in a given time window. The development
of the switchable polarisation P∞ (obtained from integration of Isw) is shown in figure 3.17.
As result of the observed increase in switchable polarisation the development of current and
switching time constant (figure 3.18) do not follow the prediction of a single-valued energy
barrier. With increasing temperature the switching current (3.18a) increases. The drop above
380K is of note. This is consistent with the increase in temperature lowering the energy barrier
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Figure 3.17: Measured switching polarisation of the PZT5H sample as a function of temperature
to an extent that allows some of the excited domains change their remnant polarisation status,
thus not relaxing into their original state after the electric field is removed. This behaviour is also
observable in the changes of the switching time constant (3.18b). Instead of dropping as predicted
for a single-valued energy barrier the switching time remains almost constant up to 380K. Above
380K some of the domains with the lowest energy barriers change their remnant polarisation
state and only those with higher barriers remain, as is suggested by the decrease of current
and increase in switching time constant past 380K. This is also in agreement with subsequent
measurements performed at this temperature showing less and less switching behaviour.
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Figure 3.18: Measured peak current (a) and switching time constant (b) as a function of
temperature. The peak current has been normalised to the current observed at a temperature of
300K
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Influence of Electric Field
The third parameter affecting switching behaviour is the electric field strength. Applying an
electric field alters the relative levels of the double potential quantum well, thus altering the
energy barrier in favour of one direction, thus coercing ferroelectric switching.
For a single-valued energy barrier material the change of calculated switching current and time
constant is shown in figure 3.19. With increasing field strength the time constant (3.19b) is
shortened resulting in an increase in current (3.19a).
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Figure 3.19: Calculated switching time constant (b) and peak current (a) as a function of electric
field. Calculated using equation 2.21 with parameters: ps = 25µC/cm2, kb = 8.61×10−5eV/K,
ν0 = 1013Hz, wb = 0.4675eV , T = 300K, V ∗ = 10−26m3. The peak current has been
normalised to an electric field of 2kV/cm
In the actual material the observed behaviour differs slightly. The current (figure 3.20 a) increases
with electric field, but similarly an increase in the switching time constant (3.20b) is observed.
This is in agreement with an increase in electric field allowing for higher energy barriers to be
overcome, thus allowing for an overall increase in the number of switchable domains. Of note
is the peak observed around 8kV/cm after which current and time constant drop. At this point
the electric field surpasses the coercive field of the material, resulting in a partial change of the
remnant polarisation state, thus reducing the amount and average energy barriers of the domains
that relax back into their original state.
Conclusions
The results show that the relaxation current of a soft ferroelectric contains information about its
switching behaviour. Particularly the direct link between polarisation and switching current is of
interest as this essentially allows probing of the material’s polarisation state in a non-destructive
manner. The electric-field and temperature dependence complicates analysis of the current, as
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Figure 3.20: Measured switching time constant (b) and peak current (a) in dependence of electric
field. The peak current has been normalised to an electric field of 2kV/cm
it varies the distribution of energy barriers being probed with this method. It can be concluded
that direct comparison of results requires temperature and electric field to be kept equal. The
method is a valuable tool in the understanding of ferroelectrics, particularly in energy storage
applications. It allows determination of energy stored and discharge behaviour in situ or under
’fast’ conditions where the load can be matched to the intended application. The fast discharge
time also means energy storage measurements are less affected by sub-optimal materials with
high leakage currents.
3.4 Technical Investigations of Discharge Currents:
Energy Density and Power Density
3.4.1 Introduction
The large dielectric constants associated with ferroelectric materials make them very interesting
for energy storage applications. Doped barium titanate (BT) is widely used in power electronics
in form of multi layer ceramic capacitors (MLCCs) of industrial type X7R and X8R [208].
While capacitors of this type feature energy densities unmatched by other solid state capacitor
types the relatively low Curie temperature of barium titanate limits their range of operations,
as they lose up to 60% of their capacitance above 120◦C. Considerable effort has been spent
over recent years to develop ferroelectric capacitors suitable for high temperature applications
[216]. One group of materials are solid solutions of bismuth sodium titanate (BNT) with BT,
often in combination with a small proportion of third material like potassium sodium niobate
(KNN) [7, 11, 217].
This section uses the introduced time domain characterisation method to determine the energy
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density and power density of highly leaky BNT-BT-KNN MLCCs and highlights the method’s
additional value in a technical characterisation context compared to classical PE-loop characteri-
sation.
3.4.2 Samples
The tested BNT-BT-KNN capacitors were SMD 1812 sized MLCCs of a morphotropic solid
solution of 0.95(0.94(Bi0.5Na0.5TiO3)− (0.06BaTiO3))−0.05(K0.5Na0.5NbO3). They have
10 layers of 77.5µm with 30 : 70 Pd : Ag electrodes in between. Figure 3.21 shows a schematic
diagram and micrograph of the cross section of the capacitors. They have been manufactured by
Nanoforce Technology Ltd.3 from a ball milled solids mix with subsequent sintering at 1120◦C
for 4 hours.
(a) (b)
Figure 3.21: (a) Schematic diagram of the MLCC’s electrode structure. (b) Micrograph of the
cross-section of the capacitor
The nominal capacitance of the samples was 16.5± 2.1nF . Their internal DC resistance was
measured to be > 10GΩ and their density 5.02g/cm3. For comparison purposes commercial
SMD 1812 sized X7R type MLCCs capacitors manufactured by Syfer Technology Ltd. with a
nominal capacitance of 10nF have also been examined.
3.4.3 Dielectric and Ferroelectric Properties
Figure 3.22 shows the relative permittivity r and loss tan(δ) of the BNT-BT-KNN capacitor
between 25 and 500◦C. Two anomalies in the form of an abrupt increase and decrease re-
spectively are observable in the permittivity; the first one occurs around 150◦C and is typical
3The specimen provided are pre-production samples and intended to be more of a field exercise to expand the
manufacturers current catalogue than industrial quality samples. Information on composition, layout and production
have been supplied by the manufacturer
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relaxor behaviour, attributed to a gradual transition from rhombohedral to tetragonal phase [218].
The second one around 300◦C corresponds to a phase transition to a paraelectric phase. The
position of both anomalies is consistent with those reported for thick films [11] and bulk ceramics
[218]. At the first anomaly a decrease in dielectric loss observable. This behaviour is often
observed in ’relaxor’ type ferroelectrics. Relaxors are a sub class of ferroelectric materials that,
while behaving in a somewhat ferroelectric manner, do not form large domains and therefore
are defined by a large isotropy, resulting in high polarisability while only showing very minor
remnant polarisation. At present there is very little understanding about the exact mechanisms
that dominate the behaviour of these materials. The exact mechanisms of the observed behaviour
are still speculative at this point. One phenomenological description assumes the formation of
nano-sized domains within the material, often referred to as polar nano regions (PNR). Derived
from this, one speculative description of the occurrence of the aforementioned anomalies is
based on the evolution of polar nano regions of two different crystallographic structures at the
expense of one another [45].
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Figure 3.22: Relative permittivity r and loss tangent tan(δ) of the sample. Frequencies plotted:
40Hz, 10kHz, 25kHz, 50kHz, 100kHz
Overall the observed values for permittivity are slightly below those of thick films and bulk
material and losses are comparable to those stated for other thick film and ceramic capacitors
[11, 42, 217]. This suggests that MLCCs of correct composition have been manufactured, but
that something lowers the quality of the material. In most cases this is linked to high porosity,
impurities and mechanical defects in the material.
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Polarisation-electric field loops of the samples are displayed in figure 3.23. At room temperature
the samples show the expected constricted hysteresis of a ferroelectric. A transition to an
antiferroelectric behaviour, as sometimes suggested for this composition [7, 218, 219, 220],
above 150◦C was not observable in the loops. The material remains predominantly ferroelectric,
though with increasing temperature it becomes very lossy, indicated by the increasing width of
the loop. At 200◦C the material becomes so lossy that it not possible to make clear assumptions
of the behaviour. As the increase in loss above 150◦C was not present in the dielectric response
of the material it is most likely a result of leakage current through the sample.
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Figure 3.23: Polarisation-Electric field loops of the BNT-BT-KNN sample at various temperatures
3.4.4 Origins of Leakage
The samples’ PE-loops show an abnormal ’lossy’ behaviour, most likely due to leakage, particu-
larly at elevated temperature. This sort of behaviour can have two general origins; impurities
that increase the conductivity of the material or mechanical damage, with the latter being the
more likely cause. To investigate the origins of the behaviour optical micro graphs have been
taken of various samples.
Figure 3.24 shows the occurrence of excessive green film cracking in (a) and granular inclusions
and fired state cracking in (b). Green state 4 cracking refers to damage that occurs prior to sinter-
ing after the material has been compacted into its multi layer structure [221]. The inclusions and
4Green state or green body refers to a step in the processing of sintered ceramics. The original ceramic powders
is mixed with a binding agent and compacted to form the desired geometry. This state right before the actual
sintering takes place is referred to as green state.
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cracks in (b) are the result of precipitation and accumulation of defects during firing. They are
most likely the result of an insufficiently compacted green state or oversintering.
(a) (b)
Figure 3.24: Optical micro graphs of the samples illustrating green film cracking (a) and
inclusions (b)
Figure 3.25 shows another two examples of the inclusions and fired state cracking observed in
the samples.
(a) (b)
Figure 3.25: Optical micro graphs of the samples illustrating defects in the sample
From the micrographs it becomes clear that the experienced leakage can be largely attributed to
the poor mechanical state of the samples.
3.4.5 Energy Density and Power Density
For energy storage application in power electronics, beside the dielectric properties, two addi-
tional properties are of interest: Energy density and power density.
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Energy Density
Energy storedW is commonly determined from PE loops where it is represented byW =
∫
EdP
where E is electric field and P is polarisation (Figure 3.26). However this method neglects
that extracting qualitative information from PE-loop data is very open to interpretation [222].
As a result of this the necessary surrounding conditions have to be met to draw meaningful
information from the data, which particularly with experimental samples can be an issue.
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Figure 3.26: Unipolar polarisation-electric field loop of the BNT-BT-KNN capacitor. Indicated
are the representations of energy density and loss in the loop.
In order to get from the measured data to a closed loop two problems need to be addressed:
Firstly, ferroelectrics show a remnant polarisation at zero electric field. Meaning that the data is
recorded with an offset from the absolute origin. This is not a problem for a highly symmetri-
cal ’soft’ material, however it can cause false interpretation of the loops for non-symmetrical
responses. Secondly, and more importantly, the measured data has to be corrected for leakage
current to remain meaningful. As commercial test systems (such as Aixacct TF2000 or Radiant
Ferroelectric Test System) adopt a "black-box" design it is not possible to say what processing
has been done in the background and the measurement therefore is not traceable. This is not a
significant issue if the material tested only shows low loss and leakage, however when either
occurs to a significant degree the obtained loop data can easily suggest behaviour that can
be misinterpreted and lead to wrong results in quantitative analysis. This necessity to treat
PE-loop data with great caution has previously been pointed out by Scott when he ’proved’ the
ferroelectric behaviour of a banana using PE-loop data [223]. PE-loops, their interpretation and
limitations when deriving values (Pr, Ps, Ec) have also been investigated in more detail in [222],
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yet there are still numerous examples of recent papers where energy storage and electrocaloric
properties have been derived from PE-loops that arguably resemble the behaviour of a simple
resistor more than anything else [11, 42, 224].
Figure 3.27 shows the energy density and normalised loss of the sample obtained from PE loops
of the sample at various temperatures. The energy density increases with temperature until
120◦C after which it drops abruptly. Similarly the loss remains largely stable up to 120◦C after
which it increases quickly. This observation is exact opposite of the behaviour suggested by the
previously shown dielectric response of the material (figure 3.22) where the increase in relative
permittivity is attributed to an evolution of polar nano regions which should also show in an
overall increase in energy stored in the material
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Figure 3.27: Energy density and loss of the sample as obtained from PE-loop data at various
temperatures
As previously mentioned when in the discussion of the PE-loops of the sample (figure 3.23) the
sample becomes increasingly leaky with rising temperature. However in the correction correction
of the system the leakage is misinterpreted as increasingly lossy behaviour, thus delivering
incorrect results for the energy density.
As an alternative to PE-loops, energy density can also be obtained from the discharge transient
of the material. In this case the energy stored in the capacitor is given by
W =
∫
Idt · U (3.13)
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where I is current, t is time and U voltage.
Figure 3.28 shows discharge currents of the sample at room temperature and at 200◦C. At room
temperature the discharge occurs quicker than at 200◦C. Also the energy stored (represented by
the area under the curve) is less at room temperature.
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Figure 3.28: Discharge currents and respective fits of the capacitor at different temperatures. The
currents have been fitted with equation 3.14
For further analysis a least square fit with the parameters
I(t) = Ifast · e−t/τfast + Islow · e−t/τslow (3.14)
was applied to the current. The introduction of two exponential components accounts for the
different time scales of relaxation that occur in the material (chapter ??). The ’fast’ contribution
arises from processes faster than the external time constant of the circuitry and the ’slow’ contri-
bution arises from ferroelectric switching. The R2 results of this fit have been consistently better
0.98. This equation was then integrated to obtain the energy density.
Figure 3.29(a) shows the energy density and efficiency of the sample for an electric field of
13kV/cm. 13kV/cm corresponds to the largest applicable field before extensive break down
was observed in the samples. At room temperature energy density is approximately 0.013J/cm3.
This value continuously increases over the examined temperature range, reaching more than
double its original value with a value of 0.036J/cm3 at 200◦C. This behaviour is congruent
with the increase in permittivity within that temperature range previously shown. Also shown is
the efficiency η, defined as the ratio between energy being fed into the capacitor during charge
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Ucharge and energy retrieved during discharge Udischarge. Technically leakage during charge
could be compensated by introduction of a linear term in the fitting, however as the the time
window observed is very brief leakage contributions are within the noise level of the system and
can even be neglected.
η = Udischarge/Ucharge (3.15)
Efficiency remains almost constant around 70% from room temperature to 150◦C after which a
rapid drop to values of < 10% is observed. This is the result of a massive increase in leakage of
the sample (inset).
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Figure 3.29: Energy density and efficiency of the BNT capacitor (a) and an X7R capacitor
(b) as obtained from the discharge current at various temperatures. (b) has been normalised to
the maximum energy density as it is only needed for a qualitative comparison and the internal
layer thickness between electrodes was unknown. Inset in (a): Relative leakage of the sample,
normalised to the leakage at room temperature
When disregarding the poor efficiency of these particular samples, the behaviour of BNT-BT-
KNN’s energy density illustrates its advantage over other materials that can be used for energy
storage: Common types of capacitors are very limited in their operational temperature range.
X7R, as displayed in (b), does not perform well above its Curie temperature of 120◦C. In that
regard BNT-BT-KNN would be a more suitable candidate for high temperature applications. In
fact it performs best between the two dielectric anomalies of 120◦C and 350◦C (cf. figure 3.22)
[11].
Power Density
Power density P is a representation of how quickly the material can release the stored energy
and is defined as
P = W/τ (3.16)
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where W is the energy density and τ the discharge time constant. The dependence on the
discharge constant requires this measurement to be done in the time domain with a rapid
discharge system such as that developed in this work. As the time constant of the discharge is
significantly dependent on the impedance of system used power density is not a single value, but
a load impedance dependent value where the load impedance is ideally matched to the particular
application of the capacitor. While it might seem that the use of a charge amplifier might
circumvent the impedance-matching issue the discharge occurs on time scales that technically
cannot be covered using a charge amplifier which is why a resistive load is being used instead.
The value of power density is of particular interest in the context of pulsed power applications,
such as capacitor banks for laser drivers etc. For materials with non-linear discharge behaviour
with electric field and temperature, as in this case, power delivery can vary significantly for
particular applications. In an ideal case, a capacitor should show consistent power density with
temperature. The power density of the sample is displayed in figure 3.30a. In the examined
temperature range the power density remains reasonably constant within ±5% around a value of
5.4kW/cm3. When approaching the phase transition around 120◦C it drops slightly after which
it increases consistently. The inset shows the discharge time constant (as the model fitted uses
two time constants the time when the current reaches its I0/e value is used). It shows an increase
with temperature, peaking at the phase transition after which it decreases slightly.
For comparison (b) shows the relative power density of X7R. In X7R the power density remains
within ±1% until reaching the ferroelectric-paraelectric phase transition around 150◦C after
which it begins to drop.
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Figure 3.30: Power density of the BNT capacitor (a) and an X7R capacitor (b) for various
temperatures. (b) has been normalised to the maximum value. Inset: Time constant of the
discharge
Overall, while not as stable as X7R, BNT-BT-KNN shows reasonably temperature insensitive
power density without particular irregularities.
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3.4.6 Conclusions
The rapid discharge system presented in this section has proven to be valuable tool in the
technical characterisation of capacitors, as (1) it allows determination of power density which
can only be measured with a time domain approach. And (2) it the rapid discharge circumvents
the metrological leakage issue associated with PE-loops that can cause incorrect results in
subsequent analysis.
3.5 Summary
This chapter presented the development of a rapid discharge system for capacitive samples.
The developed system provides a valuable method of determining energy density and power
density for the technical characterisation of capacitors. In the case of energy density it provides
an alternative method to and circumvents leakage related issues of current techniques. Power
density cannot be determined with conventional quasi-static methods and requires a time domain
based rapid discharge approach such as this.
In addition it is shows that the system is capable of looking into the switching behaviour of
ferroelectric samples. For constant temperature and low electric fields it provides a unique
non-destructive way of probing the polarisation status of the ferroelectric. This ability will
be used in chapter 5.1 where it is used for a novel investigation of a depoling phenomenon of
ferroelectrics when repeatedly cycled at low electric fields.
Chapter 4
Electrocaloric Switching Dynamics
4.1 Retarded Switching and Electrocaloric Effect
Following the reports of large electrocaloric effects in ferroelectrics [13, 14] electrocaloric cool-
ing has become an interesting alternative for vapour-compression based refrigeration, combining
the potential of major energy savings with unprecedented scalability for applications even in
integrated circuits. For the effect to become viable for the exploitation in cooling applications
key performance attributes such as maximum achievable temperature difference and high cycling
rates of the materials need to be improved [15].
Understanding of the electrocaloric effect however is very rudimentary at present and theory
focusses on thermodynamic approaches [15, 225, 226] using the Maxwell relationship (eq. 4.1)
(
∂P
∂T
)
E
=
(
∂S
∂E
)
T
(4.1)
where P is polarisation, T temperature, S entropy and E electric field [227].
This approach has a number of shortcomings. Firstly it is a purely static approach which makes it
difficult to relate directly between heat and temperature (which is time dependent), both of which
are important for potential applications. Secondly it does not distinguish individual origins of
changes in polarisation. A common (mis)understanding is that polarisation change is synonimous
with dipole rearrangement (presumably as analogies to the better understood magnetocaloric
effect are drawn). However ferroelectrics are three-way coupled systems and as such changes of
an external state, such as polarisation, are brought about by multiple internal causes [184, 185].
As such one would expect the electrocaloric effect to have multiple origins. It has previously
been shown that a significant part of the temperature change attributed to the electrocaloric
effect is actually caused by the piezocaloric effect [191]. Similarly ferroelectric switching is
a major contributor to polarisation changes. The possibility of an electrocaloric effect due
to ferroelectric switching has been thematised [20] and its importance for the explanation of
associated phenomena pointed out in the context of some ab-initio studies [186], but a direct
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link between the electrocaloric effect and ferroelectric switching has not yet been shown.
The dynamics of switching of ferroelectric polarisation are well described at present and de-
rived from phase switching theory [23, 77, 80, 86]. Ferroelectric switching is known to be a
thermally activated process and therefore is dependent on factors intrinsic to the material, such
as energy barriers, but also has an explicit dependence on temperature. Figure 4.1a illustrates
this dependence by showsing switching times obtained from the non-equilibrium model [23, 80]
as function of energy barrier ωb for multiple temperatures T .
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Figure 4.1: Switching time constant for various temperatures (a) and energy barriers (b). Cal-
culated using equation 2.21 with phonon frequency ν0 = 1013s−1, spontaneous polarisation
ps = 25µC/cm2, applied electric field Eapp = 20kV/cm and critical volume V ∗ = 10−26m3
An electrocaloric effect caused by ferroelectric switching would therefore create a feedback
where the temperature change brought about by the effect would directly affect the rate of
ferroelectric switching and vice versa.
This feedback-coupling raises the question of whether the effect is pronounced enough to
modify ferroelectric switching rates to an extent that is observable in the switching behaviour.
Ferroelectric switching is expected to occur on a nanosecond to microsecond timescale [23, 80]
while the electrocaloric effect has to rely on subsecond thermal propagation to be measured. This
’delay’ in the measurement makes it impossible to directly relate one to the other. Polycrystalline
ferroelectrics however are known to exhibit a secondary switching phenomenon occurring on
time scales of seconds, referred to as ’retarded switching’ [199]. The effect has previously
been attributed to elevated energy barriers in the material, but to fully account for the change
in timescales the energy barrier would need to be double that of normal switching. Taking into
account the thermally activated nature of ferroelectric switching and also the similarities in
time scales it is possible to offer an alternative hypothesis where the retardation phenomenon is
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the result of moderately elevated energy barriers in combination with temperature fluctuations
brought by the electrocaloric effect.
4.1.1 Experiment
Assessing the influence of the electrocaloric effect on a ferroelectric’s switching behaviour
requires synchronous time domain measurements of temperature and current. As the current is
expected to have a very large dynamic range, it is easier to integrate the current and evaluate the
charge produced. Figure 4.2 shows a block diagram of the experimental arrangement.
Signal 
Generator
Keysight 
33500B
Bipolar HV 
Ampliﬁer
Trek 2210
Sample
PZT5H disc
Charge 
Integrator
Infrared Camera
Infratek 8320
Oscilloscope
Keysight 
DSO-X 2024A
Trigger
Trigger
Lowpass ﬁlter
Alligator
USBPBP-S1
Figure 4.2: Block diagram of the experimental setup for capturing the electrocaloric effect and
retarded switching simultaneously
A signal generator was used to apply a square-wave signal. This signal was then filtered using a
8-pole Bessel low-pass filter to yield a defined driving field rate and amplified to kV levels to
produce a strong electric field across the ferroelectric sample. Meanwhile the current flowing in
and out of the sample was recorded on the opposite side of the sample using a charge integrator.
The signal generator was also used to simultaneously trigger the oscilloscope, recording the
voltage signal from the current integrator, and an infrared camera that records the temperature on
the surface on the side of the sample.
The purpose of the charge integrator is not to amplify the flow of charge but rather to provide
a virtual ground while measuring the charge with a very long self-discharge time constant
(τ >> 103s). It uses a low noise, drift compensated operational amplifier (OP07DNZ) in
combination with an ultra-low leakage 1µF polypropylene film capacitor. This combination
yields a nominal self-discharge time constant of τ > 106s. Figure 4.3 shows a schematic diagram
of the circuit.
The input resistor used was 1kΩ, yielding a bandwidth of 1kHz to the amplifier. The pulldown
resistor was set to 10kΩ.
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Figure 4.3: Schematic diagram of the current integrator
The time dependent polarisation P (t) of the sample shows two components: A fast exponential
component Pfast that accounts for the charge developed at the rise time of the electric field and a
slower exponential component Pretarded that accounts for the retarded switching phenomenon
(equations 4.2 and 4.3). The retarded term can be fitted with a stretched exponential equation
with an additional stretching exponent β that takes values between 1 and 0 and accounts for the
distribution of time constants τretarded originating from the wide distribution of energy barriers
thought to cause the effect. A value of 1 corresponds to a single, defined time constant whereas
small values correspond to a wide distribution of time constants [228, 229].
For further analysis a least-square algorithm was used to fit the recorded electrical behaviour
with equations 4.2 and 4.3 for the charge and discharge respectively. In the case of the charging
behaviour the leakage current (obtained from linear fitting after 500s) has been subtracted prior
to fitting the equation. This leakage current originates primarily from current passing across
the sample surface [199] and results in a small amount of joule heating that manifest itself as a
gradual drift in temperature over time frames far in excess of the characteristic retarded switching
times.
P (t) = Pfast · [1− e
( −t
τfast
)
] + Pretarded · [1− e
( −t
τretarded
)β
] (4.2)
P (t) = Pfast · e
( −t
τfast
)
+ Pretarded · e
( −t
τretarded
)β
(4.3)
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The samples for the experiment were soft PZT5H disc samples, 10mm in diameter and 0.5mm
in thickness. The composition of the samples is very similar to those that retarded switching
has previously been observed in [199]. Though hard PZT4D samples were also available the
results are not presented here as both, electrocaloric effect and retarded switching are a lot less
pronounced in these materials.
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Figure 4.4: Polarisation-Electric field loop of the sample. Indicated is the cycling electric field
and polarisation. The loop was recorded at 1Hz
Figure 4.4 shows the polarisation-electric field loop (PE loop) of the sample recorded during
poling. The sample shows the characteristic symmetrical hysteretic response of a soft PZT
composition. Indicated in the figure is also the electric field as applied during the experiment.
The electric field was applied in a unipolar manner between 0kV/cm and 20kV/cm, cycling
the material between its remnant polarisation state Pr and saturation polarisation Ps without
altering the remnant polarisation state of the material. This cycle is commonly used to assess the
electrocaloric response of a sample, as it is analogous to the load cycle it would undergo in a
cooling application [13, 20, 186, 189, 224]. The electric field was applied for a duration of 500s
after which it was removed. Before additional cycles were applied the material was left to relax
for 500s
4.1.2 Results and Discussion
Charge and Discharge
Figure 4.5 shows the charge and discharge behaviour of the PZT5H sample. It also shows the
simultaneous temperature development due to the electrocaloric effect. During charge the average
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temperature of the sample rises by 50± 12mK and during discharge drops by −50± 12mK
which is in agreement with studies performed on similar compositions [192, 226].
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Figure 4.5: Charge (a) and discharge (b) behaviour of a PZT5H bulk disc and temperature
development due to electrocaloric effect for a 1Hz step from 0− 20kV/cm during charge and
from 20 − 0kV/cm during discharge. The temperature has been measured directly using an
infrared camera
Table 4.1 shows the fitting coefficients obtained from the electrical response of the sample for
a 20kV/cm step a driving field rate of 5.7MV/cm/s. The driving field rate of 5.7MV/cm/s
corresponds to a square wave step filtered with the low pass filter set to 100Hz. The total amount
of polarisation Ptotal = Pfast + Pretarded shows a difference of 0.25µC which can be attributed
largely to resistive loss. The amount of retarded switching shows a difference between both cases
and is almost four fold larger during discharge. This is a very crucial observation, as it helps
discount other processes that are known to cause retardation effects. Ionic diffusion is highly
unlikely, as it would not occur to a noticeable extent at room temperature and at the time scales
observed [230, 231, 232]. Charge effects at grain boundaries is another process known to cause
retardation phenomena, but the time constants measured here are shorter than what would be
expected. In any case the effects should occur symmetrically, as the rate at which the electric field
was applied or removed was the same during charge and discharge. Similarly it is unlikely that
the effect is a direct result of the pyroelectric effect in combination with the temperature change
of the material, even though the time scales are similar. The amount of charge due to the pyroelec-
tric effect is in order of 10−7µC which is orders of magnitude less than the amount of retarded
polarisation observed 1. Similarly thermopolarisation effects can be discarded as these are in the
order of 2 · 10−11µC for the sample [233]. Another phenomenon giving rise to an observable
retardation of switching currents is domain wall creep. It can be modelled using a (E0/E)µ rela-
tionship [46, 74]. Under an applied field of 20kV/cm, µ is 0.6 [46] and the typical energy barrier
0.5eV . For domains in the order of 500nm in diameter (as found in these materials) this would
1Pyroelectric coefficient of 200µCm−2K−1 taken from the Landolt-Bronstein database, Springer Materials,
http://materials.springer.com
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give a switching time in the order of 150ms which is approximately an order of magnitude lower
than the observed retardation time constants. This indicates another mechanism to be in operation
As ferroelectric switching is a thermally activated process it is possible to offer an alternate
hypothesis reflecting the similarities in time scales, where the origins of the retardation is not
just intrinsic to the material (e.g. energy barriers) but also a result of temperature fluctuations
and assiciated changes in switching dynamics brought about by the electrocaloric effect. A
decrease in temperature, as is caused by the electrocaloric effect during discharge, would make
it more difficult for ferroelectric switching to occur, thus increasing the amount of retardation
observed. An increase in temperature, as is the case during charge, would provide more energy
to the system and would make ferroelectric switching easier to occur. This case would not
cause retardation. The occurrence of retardation even during heating means that some of the
effect is indeed intrinsic to the material, either due to very high energy barriers in the material,
as suggested by the longer time constant in this case, or due to charge effects. The stretching
exponent of 0.4 is indicative for a wide distribution of switching times in either case [228, 229].
Table 4.1: Fitting coefficients of PZT5H in response to an electric field of 20kV/cm with a
driving field rate of 5.7MV/cm/s. The results were reproducible over five cycles.
Ptotal[µC] Pretarded[µC] τretarded[s] β
Charge (heating) 4.87± 0.03 0.15± 0.03 19.2± 4.5 0.43± 0.09
Discharge (cooling) 4.62± 0.03 0.51± 0.02 8.8± 1.1 0.40± 0.03
It is also the case that a wholly thermodynamic approach, described by Arrhenius behaviour,
would required activation energies to be infeasibly large and would not correspond with the
observed temperature changes. It is proposed, instead, that much larger temperature changes are
observed at a very local scale (sub domain size) and that these temperature changes are sufficient
to prevent further switching until the local system has increased in temperature again. This
allows both the observed difference between heating and cooling as well as providing sufficiently
large changes in activation energy to be prevent ferroelectric switching.
The time constants for the retarded switching are longer than would be expected ( 1.2s) if the
retarded switching were controlled by thermal diffusion entirely. Instead a stop-start type of
relaxation type behavior may occur whereby some switching would initially occur thereby pre-
venting further switching due to the local cooling. On warming, controlled by thermal diffusion,
further switching would occur only for it to cause a re-freezing of the system. These continued
lock-unlock cycles would result a time constant that is longer than that associated with thermal
diffusion on its own.
If a correlation between electrocaloric effect and retarded switching exists both should share
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similar behaviour in response to external driving conditions. The electrocaloric effect is known
to scale with temperature, reaching its maximum in the vicinity of the Curie temperature [234].
The effect is also known to have a strong dependence of the driving electric field rate [235]. Rose
et al. postulated a link between this dependence on driving field rate and the occurrence of a
large electrocaloric effect via ferroelectric switching [186].
Being a thermally activated process ferroelectric switching is not retarded by the increase
in temperature during the charge/heating cycle. However the temperature drop during the
discharge/cooling cycle does cause retardation. Therefore further investigations to explore this
relationship focused on the discharge/cooling cycle.
Temperature
Figure 4.6 shows the measured retarded switching and the macroscopic electrocaloric effect
obtained indirectly via the Maxwell relation (∂P/∂T )E = (∂S/∂E)T from PE loops recorded
at 1Hz (i.e. capturing both fast and retarded signals) which is a common method [15]. The
indirect route for determining temperature was chosen in this instance as it provides a high
accuracy measure of the average volumetric temperature as opposed to the less accurate measure
of surface temperature that could be determined experimentally. In this case the magnitude of
the electrocaloric effect at room temperature measured indirectly is in good agreement with the
directly measured effect. Both, the electrocaloric effect and retarded switching, scale similarly
with temperature suggesting a correlation between them.
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Figure 4.6: Retarded switching and average electrocaloric effect in a bulk PZT5H disc for various
temperatures
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An increase in retardation with temperature can often attributed to an increased mobility of
ions in the material. However in this case neither the temperature span nor the observed time
scales of retardation would match an ionic origin of the behaviour which allows to discard this
phenomenon as possible origin.
Driving Field Rate
Figure 4.7 shows direct measurements of the electrocaloric effect and amplitude of retarded
switching for various driving field rates. It can be seen that both, the magnitude of the elec-
trocaloric effect as well as the amount of retarded switching increases with the driving field
rate. In cases where the electrocaloric effect originates only from dipole rearrangement the
temperature change would be expected saturate at ramp times faster than the thermal transient of
the sample. In this work that would correspond to a driving field rate of 400kV cm−1s−1. This is
not observed in figure 4.7 which may be due to the high degree of uncertainty in the experimental
results or could indicate that the effect is not being linked directly to the macroscopic thermal
transient time.
101 102 103 104 105
Driving field rate [kV cm-1 s-1]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Am
ou
nt
 o
f r
et
ar
de
d 
sw
itc
hi
ng
 [µ
C]
60
70
80
90
100
El
ec
trc
oc
al
or
ic
 e
ffe
ct
 [m
K]
Retarded switching (filtered ramp)
Retarded switching (linear ramp)
Electrocaloric effect
Figure 4.7: Retarded switching and average electrocaloric effect in a bulk PZT5H disc for various
driving field rates
4.1.3 Conclusions of the Experiment
The charge and discharge behaviour, temperature dependence and driving field rate dependence
all show a correlation between the amplitudes of the electrocaloric effect and the retarded switch-
ing that is consistent with a common origin. This origin cannot be a uniform temperature change
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brought about by dipole rearrangement and the piezocaloric effect as these are intrinsically much
faster processes that would not be altered at the driving field rates used in this experiment. Fur-
thermore the asymmetry of the retarded switching in the charge and discharge behaviour can only
be explained by a model incorporating significant local temperature fluctuation. The temperature
changes required to cause this form of retardation are on the scale of multiple K however this is
at odds with the recorded mK-level of fluctuations observed in the bulk material. This could be
accounted for by considering the different length scales of the effect and observation: A large
electrocaloric effect due to ferroelectric switching has to occur very localised – on the order of
unit cells and individual domains – while the bulk electrocaloric effect is a macroscopic property
observed after thermal diffusion has occurred and as such would be expected to be lower in
magnitude. A large, localised electrocaloric effect due to ferroelectric switching would inhibit
further switching locally until sufficient temperature diffusion has occurred to an extent that
switching occurs again. This self-inhibiting nature would create a cascading ratchet effect where
temperature due to electrocaloric effect and switching keep one-another in equilibrium for an
extended period of time.
The proposed localised occurrence of the ferroelectric switching induced electrocaloric effect and
the resulting temperature induced stresses in the material could also help in the understanding
of other phenomena related to ferroelectric and electrocaloric materials. In particular this may
also help explain some of the observed fatigue behaviour of ferroelectrics with agglomeration
of point defects and mechanical damage in form of microcracking which could be triggered by
large stress gradients introduced by large local temperature variations within the material [36].
While the phenomenon may be caused by other effects, classical retardation-causing effects
could be ruled out . Considering the shown correlation in their behaviours it highly likely that the
phenomenon is caused by a large, localised electrocaloric effect due to ferroelectric switching.
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4.2 Modelling of Electrocaloric Switching Dynamics
4.2.1 Introduction
The previous section proposed the occurrence of a localised electrocaloric effect due to ferro-
electric switching. This section introduces a finite-difference model for the coupling between
ferroelectric switching and local temperature. The previously observed behaviour is reproduced
and the effect of individual parameters on the switching dynamics are investigated.
The electrocaloric behaviour due to ferroelectric switching is a direct result of entropy changes
inside the material. In this context entropy is an expression of order, where in a highly ordered
state (aligned polarisation) the entropic amount of energy stored in the system is low, while in a
disordered (random polarisation) the amount of entropic energy stored in the system is larger.
Therefore domains of uniform remnant polarisation, show a negligible change in entropy when
being switched, as the polarisation is aligned before and after. However all bulk ferroelectrics
also have regions without domain structure. These are regions where the agglomeration of
defects and impurities increases energy barriers to the point that no larger remnant domains can
be formed (often referred to as polar nano regions) [43, 44, 45]. However under application of
an electric field these regoins can be at least partially polarised, thus increasing order. While
not explicitely focussed on this exact scenario, Rose et al. talk about the occurrence of regions
in the material that exhibit both a highly polarised as well as an unpolarised state depending
on the applied electric field [186]. This assumption is consistent with aforementioned highly
polarisable regions that do not form a remnant domain structure.
Figure 4.8 shows a PFM phase image of a soft PZT5H bulk disk. The bright uniform areas on
the left show a large domain. The circled area to the right shows a non-uniform area without
domain structure. These areas respond to an applied electric field with an increased alignment of
polarisation and return to their unaligned state when the electric field is removed.
Figure 4.9 is a schematic representation of this behaviour. Figure 4.9a shows the unaligned area
surrounded by areas that exhibit a remnant domain structure when no electric field is applied.
Figure 4.9b shows the same area when an electric field is applied and the polarisation is largely
aligned.
For this area the change in entropy ∂S is inversely coupled to the change of polarisation ∂P . In
a first approximation a linear coupling is assumed (eq. 4.4):
∂S
∂P
≈ cS (4.4)
where cs is the coupling coefficient. This change in entropy, as an expression of energy, is in
return coupled to a change in temperature via the heat capacity Cp,v of the material (eq. 4.5):
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Figure 4.8: Piezo force micrograph phase image of bulk PZT5H. Colour represents vertical
phase. Uniform bright colours show 180◦ domains. The circle indicates an area without domain
structure. The micrograph was obtained using a Bruker Icon AFM in PFM mode. The micrograph
was taken on the surface of the sample after removal of the electrode and polishing to 1µm. PFM
is prone to surface preparation; the the micrograph is meant to illustrate the general principle of
the occurrence of unploed regions rather than being a direct example.
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Figure 4.9: Behaviour of an area without domain structure without (a) and with (b) applied
electric field
∂T = ∂S · Cp,v (4.5)
Therefore the change of temperature in dependence of the change of polarisation can be approxi-
mated via a electrocaloric coupling factor ΛEC (eq. 4.6):
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∂T
∂P
= csCp,v ≈ ΛEC (4.6)
Theoretical Maximum
The theoretical maximum for the temperature change of such a scenario, can be estimated using
Boltzmann’s entropy formula
S = kb lnW (4.7)
where S is entropy, kb Boltzmann’s constant and W the number of possible micro states of the
system. W is given by
lnW =
n∑
i=0
(Ni ln gi −Ni lnNi +Ni) (4.8)
where n is the number of sites, Ni the number of particles at each site and gi the number of
possible states. n ≈ 1.74× 1024 particles (corresponding to 1kg with molar mass 346g/mol),
Ni = 1 and the average gi,disordered = 7 or gi,ordered = 1 respectively. This results in
∆S = Sdisordered − Sordered ≈ 46.7 J
kgK
(4.9)
The entropy change ∆S relates to temperature change ∆T via the specific heat capacity C
∆T = ∆S
C
× T0 (4.10)
taking into account a heat capacity of about C = 23.3 J
kgK
at room temperature T0 = 300K this
results in a theoretical temperature difference of
∆T ≈ 601K (4.11)
While it of course unrealistic that this value would be reached in bulk, it suggests that switching
in a localised scenario as described may indeed have a substantial local temperature change
associated with it that would have major effects on the ferroelectric switching dynamics.
4.2.2 Model
For the bulk PZT5H samples used in this experiment an initial global temperature drop of
80mK was observed. The majority of this material however is an a remnant polarisation state
where the domains do not switch and therefore do not contribute towards the change in entropy.
Only a small amount of about 5% − 10% of the material shows aforementioned unaligned
polarisation state where a major change in entropy is expected upon application or removal of the
electric field. When taking into account this localisation of the effect, the localised temperature
drop in these regions would be much larger, realistically in the order of multiple K to cause
CHAPTER 4. ELECTROCALORIC SWITCHING DYNAMICS 84
the experimentally observed retardation. To understand the effect of this localisation of the
electrocaloric effect on the switching dynamics of the material a finite difference model has
been developed. It is composed of a spherical volume of diameter ø = 10µm without domain
structure. At time t = 0s the polarisation in this volume is fully aligned and the temperature is
kept uniform at T = 300K. This volume is embedded in a larger volume of the same material
where the polarisation does not change. This is a simplification compared to the real material, as
the existence of only one region excludes possible long-range interactions with neighbouring
polarised regions and other cooperative effects that might occur. Figure 4.10 shows a cross
section of the volume at time t = 0
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Figure 4.10: Temperature [K] (a) and polarisation (b) at time t = 0s of the finite difference
simulation
Three physical properties have to be taken into account:
1. Thermal diffusion in the entire model (eq. 4.12):
∂T
∂t
= α∇2T (4.12)
where T is temperature, t is time, α = 4 · 10−7m2/s [236] is the thermal diffusivity of the
material and∇2 is the Laplacian.
2. Rate of polarisation change inside the volume (eq. 4.13):
∂P
∂t
= P (t) · (1− e−t/τ(t)) (4.13)
where P is polarisation and τ is the switching time constant (eq. 4.14)
τ(t) = 1
ν0
· e−(wb−P (t)Ea)/(kbT (t))·V ∗) (4.14)
with ν0 = 1 · 1013Hz, Ea = 20kV/cm, kb = 8.61 · 10−5eV/K and V ∗ = 1 · 10−26m3 [23]. For
the energy barrier wb a normal distribution is assumed to account for the wide variety of energy
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barriers expected.
3. The relation between polarisation change and electrocaloric effect derived in equation 4.6.
4.2.3 Variation of Parameters
Three parameters determine ferroelectric switching times in the model: In the absence of tem-
perature changes, the average intrinsic energy barrier wb and distribution of energy barriers
σwb determine a base time. This time is then altered by the temperature change brought by the
electrocaloric coupling factor ΛEc. The parameters were varied in turn to assess their respective
effects, and to determine whether it is possible to recreate the behaviour observed in the experi-
ment, where a small amount of retardation is observed during charge/heating and a large amount
during discharge/cooling.
The polarisation development for each variation was fitted with the stretched exponential equation
(eq. 4.15)
P (t) = Pfast · [1− e
−t
τfast ] + Pretarded · [1− e
( −t
τretarded
)β
] (4.15)
Energy Barrier
The first parameter influencing the switching times is the energy barrier. This finite-difference
model assumes a region in the material where the energy landscape prohibits the formation
of a remnant domain structure. As such energy barriers in the region have to be elevated in
comparison to the ≈ 0.5eV in rest of the material. This is in agreement with the experimental
observation that retarded switching occurs at time scales of seconds and that some of the retarded
switching is intrinsic to the material.
Figure 4.11 shows switching time constants as a function of energy barrier. A value of 0.8eV
corresponds to a switching time of 0.4s at room temperature. A temperature drop of 25K would
result in a switching time of 6.1s which is very similar to the switching time constant of the
retarded switching observed experimentally. Similarly a temperature increase of 25K results in
a switching time of 0.04s. This value is chosen as basis of the energy barrier.
Distribution of Energy Barriers
While more retardation was observed during cooling the experiment showed that a small pro-
portion of retardation is intrinsic to the material. To account for this in the model a Gaussian
distribution of energy barriers is chosen around the centre of 0.8eV . Figure 4.12 shows the
corresponding distribution of switching times for various distributions of energy barriers.
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Figure 4.11: Switching time constant as a function of energy barrier for various temperatures
10-4 10-2 100 102 104
Switching time [s]
0
1
2
3
4
5
6
7
8
D
en
si
ty
0.05 eV
 0.1 eV
0.15 eV
0.2 eV
Figure 4.12: Distributions of switching times for various distributions of energy barriers around
0.8eV
A distribution of 0.1eV results in a distribution of time constants where the majority of switching
occurs sub-second, but also a considerable amount that occurs on time scales of multiple seconds.
In the experimental observation the difference between normal and retarded switching was drawn
at the rise time of the electric field. In the simulation however the electric field was instantaneous.
As such the differentiation has to be made on another basis. The time constant to distinguish
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between fast and retarded switching was chosen at 0.4s, corresponding to the switching time of
the average energy barrier of 0.8eV . Any switching times longer are being considered retarded.
As such in its original state without consideration of temperature change exactly half of the
switched polarisation is retarded.
Electrocaloric Coupling Factor
From the previous two parameter sweeps an energy distribution of 0.8± 0.1eV delivered a good
starting point for introducing temperature variation brought by the electrocaloric effect into the
system. Figure 4.13 shows the effect of a temperature on the distribution of switching times.
A decrease in temperature causes a shift towards longer switching times while simultaneously
widening the distribution.
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Figure 4.13: Distributions of switching time constant for an energy barrier of 0.8± 0.1eV for
various temperatures
The electrocaloric effect has to be considered in two separate situations: Charge and discharge.
During charge the reduction in entropy causes energy to be released, thus increasing the tempera-
ture which in turn results in accelerated switching. Conversely during discharge the increase in
entropy consumes energy thus reducing temperature and slowing switching down.
Discharge / Cooling
Figure 4.14 shows the amount of retarded switching observed normalised to the total amount of
polarisation as a function of the electrocaloric coupling factor.
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Figure 4.14: Fractional amount of retardation during cooling as a function of the electrocaloric
coupling factor
Below 10−12m3K/C the temperature change appears to be not large enough to increase the
amount of retardation observed. Above 10−12m3K/C the amount of retardation increases
gradually until around 10−8m3K/C all of the switching is retarded.
Figure 4.15 shows the achieved average temperature change due to the electrocaloric effect as a
function of the coupling factor.
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Figure 4.15: Average temperature change during cooling as a function of the coupling factor
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A larger coupling factor does not translate linearly into a large temperature change. This
behaviour comes from the feedback of the effect where a lower temperature causes the necessary
switching to slow down.
Figure 4.16 shows the average retarded time constant as a function of the electrocaloric coupling
factor.
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Figure 4.16: Average retarded switching time constant during cooling as a function of the
coupling factor
At small levels below 10−11m3K/C the electrocaloric effect only causes minor changes to the
observed average switching times. A larger coupling factor causes significant retardation quickly
elongating switching times into more than a hundred seconds above 10−9m3K/C.
This observation means that in an actual device the optimisation of a material towards largest
entropy change (coupling factor) would not necessarily yield the most effective cooling cycle,
as the resulting elongated switching times would result in long cooling cycles. The amount of
heat that can be transferred in a given amount of time essentially becomes a trade-off between
temperature change and switching rate.
Figure 4.17 shows the influence of the electrocaloric effect on the observed stretching factor.
The stretching factor increases with the coupling coefficient. Above 10−11m3K/C the stretching
exponent becomes larger, meaning the spread of switching times becomes narrower. This is
a rather interesting observation and somewhat contradicting as figure 4.13 suggested a larger
temperature change should cause widening of the distribution. It must be originating from the
spatial variation of energy barrier and temperature within the switched region: fast switching
proportions cause a larger temperature change compared to slow switching ones. As such
the extent to which fast switching proportions are being slowed down is much larger, causing
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Figure 4.17: Stretching exponent during cooling as function of the electrocaloric coupling factor
switching times overall to shift closer together.
Charge / Heating
Figure 4.18 shows the amount of retarded switching as function of electrocaloric coupling factor.
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Figure 4.18: Relative amount of retardation during heating as a function of the coupling factor
When the coupling factor is chosen small the amount of retardation is high. The amount of
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retardation does not change significantly until around 10−12m3K/C a sharp transition towards
virtually no retardation occurs. This sharp transition is a direct analogy to the self-inhibiting
behaviour observed in the case of the discharge; during charging the material heats up, thus
enabling switching to occur faster. In other words in the case of charging/heating the process
becomes self-accelerating in nature once the rate of temperature change exceeds the rate of
diffusion.
Figure 4.19 shows the average temperature change as a function of the electrocaloric coupling
factor. Temperature increases gradually. Around 10−12m3K/C when the sharp transition in
the amount of retarded switching occurred a step in the temperature change is also observable.
Coupling factors larger than 10−12m3K/C quickly result in temperature changes that would
exceed the Curie temperature of the material (≈ 500K). In this case results have to be taken
with caution, as the underlying assumptions in the non-equilibrium model used in this simulation
break down in vicinity of the Curie temperature.
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Figure 4.19: Temperature change during heating as a function of the coupling factor
The average retarded switching time constant τretarded as a function of electrocaloric coupling fac-
tor is depicted in figure 4.20. The retarded switching time constant does not change significantly
until about 10−12m3K/C. It then rapidly increases, as shorter retarded times are accelerated
more by the temperature change. With increasing coupling factor an increasing number of cells
that would have been considered retarded are now switching fast. As result of this only very long
time constants, that are less accelerated by the temperature change, remain. As such the average
time constant of the retardation shifts towards longer switching times.
The stretching exponent (Figure 4.21) emphasises this behaviour, as the distribution of switching
times narrows above 10−12m3K/C, resulting in a larger stretching exponent.
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Figure 4.20: Average time constant of the retarded switching during heating as a function of the
electrocaloric coupling factor
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Figure 4.21: Stretching exponent during heating as function of the electrocaloric coupling factor
It becomes apparent that this self-accelerating nature of the heating cycle would result in ex-
cessive temperature spikes for a coupling factor necessary to cause a noticable temperature
difference in the cooling cycle. This raises the obvious question why this is not observed in
reality where the magnitude of heating and cooling appears to be very similar.
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The observed asymmetry has two causes: Firstly the total amount of heat released or consumed
during heating and cooling is the same. However temperature is a time dependent property,
the same amount of heat released in a shorter amount of time will cause a larger difference in
temperature before equilibration due to diffusion occurs. Temperature measured experimentally
on an electrocaloric sample is the bulk average. And while the temperature of the bulk average is
defined by the overall equilibration time local temperature may well show an asymmetry.
Secondly, the energy barrier that needs to be overcome during switching has got an inherent
directionality. Regions causing the effect do not favour an ordered polarisation state when
no electric field is applied, but rather a microscopically isotropic distribution of polarisation
directions. As such the energy barrier landscape must contain pinning points that prevent the
formation of large domains. These pinning points create a situation where the energy barrier from
poled state towards unpoled state (cooling cycle) is comparatively small, otherwise the system
would not fall back into an unpoled state as quickly as observed. In analogy the energy barrier
from unpoled state to fully poled state would be much higher to account for the experimentally
observed behaviour. Figure 4.22 illustrates the energetic states during heating and cooling cycle.
wb wb
Eapp
Heating Cycle Cooling Cycle
Figure 4.22: Schematic diagram of the directionality of the energy barrier during switching
Taking this energetic asymmetry also into account in the model results in the expected symmetric
behaviour of temperature. Figure 4.23 shows the heating and cooling cycle of a material when
introducing an asymmetry of 0.1eV into the energy barriers. Figure 4.23 shows heating and
cooling cycle for this case.
4.2.4 Spatial Behaviour
To investigate the spatial behaviour of the cooling cycle of the switching-ECE coupling tem-
perature and polarisation the simulation was run with the parameters wb = 0.8 ± 0.1eV and
ΛEc = 10−11m3K/C. Average and minimum temperature of the switching region, as well as
switched and remaining polarisation have been recorded. Additionally cross sections of the
simulated volume have been extracted after multiple time steps of the simulation.
Figure 4.24 shows the average temperature (a) and polarisation development (b) of the cool-
ing cycle within the volume in the first 300s of the simulation with a coupling factor of
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Figure 4.23: Heating and cooling cycle of the ECE with asymmetric energy barriers. With
ωb,heat = 0.9± 0.1eV , ωb,cool = 0.8± 0.1eV and ΛEC = 10−12
ΛEc = 10−11m3K/C. On average a temperature drop of 30K was observed. Of particular
interest is the temperature evolution of the minimum temperature observed. After the initial drop
of 67K an extended region where the switching rate and electrocaloric effect are keeping one
another in equilibrium is observed.
The polarisation development in figure 4.24b shows the ’retarded’ behaviour also observed in
the experiment; the associated time constant is pushed into the order of seconds rather than
than occurring in the sub-second regime that would be expected without taking into account the
electrocaloric effect.
Figures 4.25, 4.26 and 4.27 show cross sections through the simulated volume at times t = 1ms,
t = 10ms and t = 1s of the simulation respectively. It can be seen that the largest temperature
drop occurs in regions with the fastest switching rate. This in turn ’freezes’ slower switching
regions. This behaviour continues until all fast-switching polarisation has been switched and only
slow switching regions remain. The switching rate from these regions alone is then insufficient
to maintain a large temperature drop, leading temperature to equilibrate, thus allowing the slower
switching regions to switch gradually.
Conclusions of the Model
The modelling shows that the electrocaloric effect induced temperature change that occurs during
switching does indeed have the ability to influence switching times and the amount of retardation
significantly. To cause a noticeable amount of retardation during cooling a relatively large
CHAPTER 4. ELECTROCALORIC SWITCHING DYNAMICS 95
10-10 10-5 100 105
Time [s]
230
240
250
260
270
280
290
300
Te
m
pe
ra
tu
re
 [K
]
Temperature
Average
Minimum
(a)
10-4 10-2 100 102
time [s]
0
0.2
0.4
0.6
0.8
1
Polarisation
0
0.2
0.4
0.6
0.8
1
remaining
switched
(b)
Figure 4.24: (a) Temperature development over time. With wb = 0.8 ± 0.1eV and ΛEc =
10−11m3K/C. The original temperature T (t = 0s) was 300K. (b) Polarisation development
over time
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Figure 4.25: Temperature [K] (a) and polarisation (b) at time t = 1ms
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Figure 4.26: Temperature [K] (a) and polarisation (b) at time t = 10ms
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Figure 4.27: Temperature [K] (a) and polarisation (b) at time t = 1s
coupling factor is required, that might not be realistic for the material. However the simulation
also shows that a much smaller coupling factor around 10−12m3K/C is already sufficient to
accelerate the switching process to an extent that greatly alters the amount of retarded switching
observed.
In essence the consideration of the electrocaloric effect can explain the difference in retardation
observed experimentally between charge and discharge of the material that could not be explained
solely by consideration of energy barriers.
4.3 Conclusions
Two key conclusions can be drawn: Energy barriers by themselves do not fully explain the ob-
served retardation behaviour. Firstly because the required barriers would be very high compared
to the dominant energy barriers in the material (most switching is observed in the sub-second
timescale corresponding to energy barriers < 0.6eV ) and secondly because a sole consideration
of energy barriers cannot explain the experimentally observed difference between charge and
discharge behaviour that yield different amplitudes and time constants of retardation.
In a similar manner the electrocaloric effect would be required to adopt unrealistic levels to be
the sole explanation of a retardation from a sub-second to a tens of seconds timescale during
discharge.
The most realistic scenario to explain the phenomenon of retarded switching is a combination
of increased energy barriers to moderate levels while simultaneously taking into account the
retarding or accelerating influence of the electrocaloric effect.
The assumption of a very localised electrocaloric effect due to ferroelectric switching would not
only explain the observed retarded switching behaviour, but would also have implications to
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fatigue and failure phenomena that cannot be explained with current models that do not include
temperature variations. For example ferroelectric materials are known to fatigue when subjected
to bipolar driving fields [36]. However the rate of fatigue appears to have a distinct dependence
on the repetition rate at which the material is cycled, where a material cycled at a low repetition
rate (Hz) fatigues much faster compared to a material cycled at a high repetition rates (100s of
Hz). The conceptional introduction of a localised electrocaloric effect and the thermal stresses
arising from this would help explain this phenomenon, as this would introduce a dependence
on thermal diffusion without which ’frozen’ states would occur that diminish the magnitude of
the electrocaloric effect and therefore the thermal stresses arising from it. This topic of bipolar
fatigue is explored in more detail in chapter 5.2.
It would also explain why materials with pronounced electrocaloric effect fatigue quicker and
even fail spontaneously without prior indication [237, 238]. Similarly it is congruent with the
observation that electrocaloric materials break down around the time when large ferroelectric
switching currents are observed, the workaround solution for which is to apply or remove the
electric field at much slower slew rates [15]. Again this observation is congruent with localised
thermal spikes that are diminished when given more time to equilibrate when a slower slew rate
is applied.
Chapter 5
Fatigue in Ferroelectrics
5.1 Unipolar Fatigue
5.1.1 Introduction
Exploiting the ferroelectric behaviour of materials for applications in read-access memory
(FRAM) was first conceptualised in the 1950s [16] with first operational devices emerging in the
1970s [17]. After a first wave of interest with commercial products becoming available in the
1990s the lack of critical application paired with large investment and manufacturing costs [18]
development slowed down. Today FRAM is not catering to the mass market, but is still a viable
technology for niche applications in avionics and space exploration, mostly due to its resilience
to ionising radiation.
Materials suitable for the fabrication of FRAM are readily available with ’soft’ lead zirconate
titanate (PZT) being a common choice [239]. In the context of non-volatile memory the lifetime
of the device is greatly limited by the deterioration of the material in response to repeated read
and write operations [22, 95]. At present destructive read cycles are employed: the memory
element is probed with a read pulse above the coercive field of the material that also erases the
content of the element. The element then needs to be rewritten to its original state. Each read
operation therefore results in two high electric field polarisation cycles to the element. With
memory being operated at high speeds considerable amounts of cycles accumulate over the life
span of the product.
Cycling ferroelectric materials at high electric fields is known to cause a decrease in remnant
polarisation, largely attributed to a reduced a mount of switchable domains. This behaviour is
mostly attributed to fatigue in the form of mechanical defects [88, 98, 102, 103, 104, 108, 109],
rearrangement and clustering of point defects [94, 97, 98, 102, 143, 199, 240] and defect ag-
glomeration at interfaces, such as grain boundaries and electrodes [63, 83].
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However it is also possible to design non-destructive read-out devices, e.g. in the form of
ferroelectric field effect transistors [95]. In this case the elements are probed at low electric
fields that do not change the remnant polarisation state of the material significantly; reading is
a single operation at low electric fields. While this method promises to increase the cycle life
time of devices dramatically, repeated cycling at low electric field strengths might still cause
long-term effects and degradation of performance as a consequence of the atom movement that
is induced within each cycle. To examine this behaviour, low electric field ’read’ pulses have
been repeatedly applied to a soft PZT bulk ceramic. The polarisation changes, as well as changes
in the temporal response of the sample, have been analysed by examining the transient discharge
current. It is shown that repeated cycling causes depolarisation in soft PZT. The microscopic
origins of this behaviour are investigated.
5.1.2 Experiment
Disk shaped soft lead zirconate titanate (PZT5H, Zr/Ti=52/48, predominantly tetragonal phase 1)
commercial samples of 10mm in diameter and 0.5mm in thickness were cycled using square
wave electrical excitation. Figure 5.1 shows a polarisation-electric field loop of the sample in its
virgin state. The electric field was applied in negative direction (indicated in fig. 5.1) at field
strengths between 5 and 6kV/cm (below the DC coercive field Ec of 8kV/cm).
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Figure 5.1: PE loop of the virgin sample. Indicated is the change in polarisation and the electric
field applied during cycling
1Sourced from Morgan Advanced Materials, http://www.morgantechnicalceramics.com/
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Figure 5.2 shows the circuit used to observe the switching current. A high speed MOSFET
(Behlke HTS 41-06) was used to apply a rapid transition from a high-voltage to ground. The
MOSFETs fast switching time of< 10ns allows the monitoring of the switching processes inside
the material in the form of a transient current flowing in and out of the sample. Similar approaches
to monitoring switching behaviour have been used in the past [193, 194, 195, 198, 199]. By
examining the discharge transient to ground rather than the charge current the frequency response
of the high voltage source does not affect the transient behaviour of the sample, which is solely
dependent on the capacitance of the sample and the resistance of the circuit.
MOSFET
Figure 5.2: Block diagram of the experimental apparatus. A high speed MOSFET was used to
switch between a high voltage source and ground. Measurement of the voltage across a reference
resistor allows monitoring of the transient current.
The setup is similar to the one presented in Chapter 3. It differs in the model of the MOSFET and
the sample holder used. It also did not utilize the RC-snubber. To balance the circuit and prevent
critical oscillations from occurring in this configuration the load resistance in which the sample
was discharged was chosen to be 330Ω. During discharge the voltage was measured across
a 50Ω reference resistor and recorded using an oscilloscope (Tektronix TDS2024). From the
measured voltage the current transient was calculated. The combination of MOSFET and external
resistance results in a total resistance of 385Ω for the circuit. The measured RC time constant
for a linear dielectric control capacitor of 1nF , replacing the DUT, was measured to be 397±1ns.
The repetition rate during cycling was 15kHz with a 50% duty cycle. This gave sufficient time
to fully charge/discharge the sample and let it relax mechanically before the next cycle was
applied. An example of the discharge transient current of a sample in virgin state and after 1010
load cycles at 5.5kV/cm is shown in figure 5.3.
In response to the step change of the electric field (inset) the virgin sample shows an exponential
discharge overlain with an oscillation while the fatigued sample shows only an exponential
discharge without apparent oscillation. The oscillation occurs at a frequency of 220kHz which
corresponds to the round-time of a sound wave being reflected laterally in the disc sample. This
mechanical resonance occurs due to the piezoelectrical response of the disc sample. In the cycled
sample this response is a lot less pronounced.
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Figure 5.3: Discharge transients from 2kV/cm to ground of the sample in virgin state and after
undergoing 1010 cycles at 5.5kV/cm. Inset: Electric field step applied
The discharge transient itself shows two exponential components; one defined by the extrinsic
time constant of the circuit and a second material component with much slower time constant.
For further analysis the transient was fitted with a three-term model
I(t) = IRC · e−t/τRC + Isw · e−t/τsw + Iosc · e−t/τosc · sin(ωt+ φ) (5.1)
The first term IRC · e−t/τRC accounts for all processes faster than the time constant of the circuit.
The second term Isw · e−t/τsw accounts for switching in the material. The assumption of a single
exponential decay for the switching current yields an average time constant over all domains. At
room temperature for the applied fields the calculated value of the time constant of the samples
lies in the low microsecond region [23]. The third term Iosc · e−t/τosc · sin(ωt) accounts for the
dampened mechanical (piezoelectric) resonance of the sample. Fitting these parameters with a
least-square algorithm consistently delivers R2 values greater than 0.99. Figure 5.4 shows an
example of the fit.
During cycling temperature has been monitored continuously to assess potential influence of
thermal effects. The temperature was measured using a K-type thermocouple in contact with the
sample. Temperature settled quickly around 30◦C after which it did not fluctuate to a significant
degree over the course of the experiment.
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Figure 5.4: Current discharge of the virgin PZT disk as recorded and with applied fit using
equation 5.1
5.1.3 Results
The PZT samples were initially brought into a remnant polarisation state by undergoing a full
polarisation-electric field loop. To assess and quantify the long-term behaviour of the samples,
they were then repeatedly cycled between a negative high voltage and ground and a discharge
transient was recorded every 107 cycles.
The fitting parameters of the transient show significant changes with the number of cycles.
The IRC term, depicted in figure 5.5, remains constant while the associated time constant τRC
decreases slightly, as would be expected for a change in the relative permittivity r.
The amplitude obtained from the switching contribution Isw decreases while the associated time
constant τsw remains almost constant (figure 5.6). This is indicative for the time constant being
an intrinsic characteristic of the material that is not altered by the number of load cycles.
The amplitude of the mechanical oscillation Iosc decreases with the number of cycles. There
appears to be a distinct relationship between the switching contribution and the amplitude
of the mechanical oscillation. This relationship is indicative for the switching process being
ferroelectric in nature, as the amplitude of the mechanical response is related to the polarisation
of the sample via the piezoelectric effect. Figure 5.7 shows the sample’s piezoelectric d33
coefficient measured at four stages during the course of the experiment and the amplitude of the
mechanical oscillation Iosc. The reduction in Iosc is in agreement with an observed reduction of
the sample’s d33 coefficient.
Figure 5.8 shows the calculated capacitance of the sample (obtained from integration of the
current) for both processes. The capacitance of both processes decreases. The CRC contribution
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Figure 5.5: RC amplitude and time constant of a sample cycled at 5.5kV/cm. The error bars
represent the uncertainty obtained from the fitting algorithm used
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Figure 5.6: Switching amplitude and time constant of a sample cycled at 5.5kV/cm. The error
bars represent the uncertainty obtained from the fitting algorithm used
decreases slightly by less than 10% of its original value. The Csw contribution decreases more
strongly by 30% of its original value.
Figure 5.9 shows the total capacitance of the sample as a function of cycles for three electric
fields of various strengths. It shows a reduction of capacitance and therefore polarisation with an
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Figure 5.7: Amplitude of mechanical oscillation (normalised to amplitude at virgin state) and
piezoelectric coefficient of a sample cycled at 5.5kV/cm
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Figure 5.8: Capacitance of a sample cycled at 5.5kV/cm separated into the RC and SW contri-
butions
increasing number of cycles. The amount and rate at which the decrease in capacitance occurs
shows a strong dependence on electric field. At 5kV/cm virtually no change is apparent while at
5.5kV/cm the capacitance of the sample drops rapidly with the number of fatigue cycles and
at 6kV/cm the changes are even more pronounced. The transition between no change at all at
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5kV/cm and noticeable changes at 5.5kV/cm suggests the existence of an energetic boundary
that has to be surpassed for the effect to occur. The change also appears to be limited, not
changing any more after the slow contribution has levelled out, after which only domains with
energetically higher barriers remain. When increasing the electric field further to 6kV/cm more
barriers can be overcome.
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Figure 5.9: Comparison of overall capacitance of multiple samples cycled at different electric
field strengths
5.1.4 Origins of Polarisation Fatigue
The changes observed in the discharge transient suggest changes in the domain structure of the
sample. In fatigue scenarios involving strong electric fields changes in the domain structure can
generally be linked to movement of defects in the material, causing pinned domains, as well as
the occurrence of mechanical defects such as delamination and micro cracking. In this study
however applied fields have been low. The cause therefore may be different.
Figure 5.10 shows piezo force micrographs of the virgin state of the sample and after 1 · 109,
3 · 109 and 1010 load cycles at 5.5kV/cm. In its original virgin state the sample shows large
ferroelectric domains pointing up (180◦) or down (0◦). After 1 · 109 cycles the domain structure
has changed slightly towards smaller domain sizes. After 3 · 109 cycles domain sizes are smaller
still until after 1010 cycles there is virtually no larger domain structure apparent any more. Neither
microcracking nor domain pinning, that are associated with fatigue in bipolar loading conditions
[241, 242], was observed.
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Figure 5.10: PFM phase micrographs of a samples cycled at 5.5kV/cm after various number of
cycles. Micrographs taken from multiple samples and representative for the general behaviour
observed.
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Figure 5.11: Comparison of capacitance and relative area covered by 0◦ or 180◦ domains of a
sample cycled at 5.5Kv/cm
Figure 5.11 shows the capacitance of the sample compared to the area of the micrographs
covered by 0◦ and 180◦ domains averaged over multiple sites. The behaviour is consistent with
the observed change in capacitance that indicates a loss of polarisation.
Potential causes of the behaviour can also be assessed by investigating the samples’ recoverability.
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Both domain pinning and micro cracking present permanent damage to the sample that requires
additional procedures to recover. Recovering domain pinning requires resetting the entire domain
structure of the material by heating the material above its Curie temperature and repoling [82].
Micro cracking is an even more severe form of damage, requiring re-sintering of the material
[98, 102].
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Figure 5.12: Comparison of the material’s PE loops at virgin state and after undergoing 1010
cycles at 5.5kV/cm
Figure 5.12 shows polarisation-electric field loops of the sample in its virgin state, after 1010
cycles of 5.5kV/cm and a repeat loop where the first loop acts as a poling procedure. The first
loop after 1010 cycles shows a significant reduction in polarisation that is almost completely
recoverable (2nd loop). The second loop, after repoling, coincides very well with the virgin loop
prior to cycling. From the recoverability it is concluded that the origin of the depolarisation
is not due to classical domain pinning, which would have required heat treatment, or micro
cracking, which is not recoverable without sintering. The behaviour observed is therefore not
associated with classical fatigue mechanisms involving permanent damage, as observed in bipolar
loading conditions [94, 102]. Instead it appears to be solely a depolarisation process of the
material: During each cycle a small fraction of the easiest-to-switch cells switch, thus altering
the distribution of energy barriers in the material. As a result over the course of 1010 load cycles
this results in shrinkage of existing domains from the sides, as well as nucleation and growth of
unpoled regions until ultimately all macroscopic long-range domain structure in the material is
lost and it is therefore depoled.
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5.1.5 Conclusions
This section showed that repeated cycling at electric field strengths well below the coercive
field of the material still induces changes in the domain structure of a ferroelectric resulting in
depoling of the material through randomisation of the cell alignment. The changes have a direct
effect on the sample in the form of a reduction in mechanical response and reduction in remnant
polarisation. The loss of polarisation is shown to affect the capacitance of the sample while
discharge associated time constants only change marginally. The amount and rate of change
show strong dependence on electric field strength suggesting the existence of well defined energy
barriers in domain switching. PFM micrographs confirm the observed loss of polarisation with
associated breaking-up and shrinkage of existing ferroelectric domains. As neither mechani-
cal damage nor domain pinning was observed and the polarisation can be fully recovered by
repoling the sample, the observed behaviour seems to be a statistical non-reversible switching of
ferroelectric cells causing macroscopic depolarisation rather than a classical fatigue behaviour.
In the context of ferroelectric memory it would be interesting to see if similar behaviour can be
observed in thin films. Chapter 6 presents the development of a system capable of investigating
this aspect in the future.
5.2 Bipolar Fatigue
5.2.1 Introduction
Bipolar fatigue in ferroelectrics is probably one of the most explored topics in the literature
[36, 83, 95]. It is defined as changes in property of a material due to repeated cyclic external
loading. In classical material science this refers to the degradation of a material in response to
mechanical stresses. In the context of ferroelectrics the term is used to describe the diminishing
effect on the specimen’s polarisation state of cycling electrical excitation. While the primary
cause of fatigue is largely attributed to micro cracking, defect propagation and defect agglomera-
tion [36, 243] the mechanisms explaining the cause of this behaviour are not fully understood
with possible explanations found in accelerated defect propagation due to temperature and stress
[36, 241, 242].
It is also noteworthy that fatigue studies performed on the same materials often show very
different and sometimes even contradictory behaviour. In soft PZT for example, some studies re-
ported considerable fatigue within 106 cycles whereas others reported virtually no fatigue within
108 load cycles for the same electric fields. There appears to be a pattern where experiments
reporting little change were performed using higher frequency sinusoidal electric fields, whereas
the experiments reporting large levels of fatigue were performed using lower frequencies [83, 88].
As mentioned in section 2.5.2 this explanations of this frequency dependence have been sought in
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relation to domain wall motion and the inhibition thereof. For domain wall motion to be slowed
to an extent that corresponds to the frequencies where changes are observed wall velocities
would have to be in the creep regime, which at typical electric field strengths of multiple Ec
would require a hugely elevated and diverse energy landscape. In other words it would require
an energy landscape similar to that proposed in relation to localised electrocaloric effects (ref.
section 4.1). In addition relevant frequencies would correspond well to those associated with
the retarded switching phenomenon. As such it would be of interest to investigate whether
the occurrence of a localised electrocaloric effect could contribute to the understanding to the
frequency dependence of ferroelectric fatigue.
This section presents a study of the frequency dependency of ferroelectric fatigue in soft lead
zirconate titanate under bipolar loading conditions in an attempt to obtain a better understanding
of the origins of fatigue though application of the electrocaloric switching model derived in
chapter 4.1.
5.2.2 Experiment
Disk shaped samples, 10mm in diameter and 0.5mm in thickness, of commercial lead-zirconate-
titanate near the morphotropic phase boundary (composition PZT5H, predominantly in tetragonal
phase 2) were excited using sinusoidal electric fields. All samples were supplied with silver
electrodes fired on the top and bottom faces. The samples were connected to two brass electrodes
either side of the disk. One electrode was connected to a high voltage amplifier while the other
was connected to ground. Figure 5.13 shows a schematic diagram of the experimental apparatus.
Function Generator
High Voltage
Ampliﬁer
Sample
Oscilloscope
Reference
Resistor
Figure 5.13: Schematic diagram of the circuit used in the experiment
A function generator connected to the amplifier was used to apply sinusoidal electric fields
cycling between −20kV/cm and +20kV/cm. At these field strengths the entire polarisation of
the sample was being switched each cycle. Figure 5.14 illustrates the electric field and current of
a sample being cycled at 1Hz.
2Sourced from Morgan Advanced Materials, http://www.morgantechnicalceramics.com/
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Figure 5.14: Electric field and current of a sample cycled at 20kV/cm and 1Hz
5.2.3 Results
Ferroelectric Properties
As previously mentioned, ferroelectric fatigue manifests itself in diminished ferroelectric prop-
erties of the material. The most common way of assessing these properties is in the form of
polarisation electric field loops (PE loops). Figure 5.15 shows PE loops of a sample cycled at
5Hz for various number of cycles.
The PE-Loops of the sample show classical fatigue behaviour: The PE-Loop constricts with
increasing number of cycles, resulting in both a reduction of remnant polarisation and satura-
tion polarisation. This behaviour can be attributed largely to both shrinkage of ferroelectric
domains as well as domain pinning that makes domains unable to switch their polarisation status
[36, 241, 242].
To assess the influence of the cycling rate on the material the experiment was repeated at different
frequencies between 5Hz and 100Hz. The variation of remnant polarisation and saturation
polarisation as a function of load cycles for the various frequencies are shown in figure 5.16.
Both properties show asymptotic behaviour towards a diminished value of polarisation. When
cycled at a lower frequency the value of polarisation that the system converges to is generally
lower, indicating more severe fatigue. This would rule out internal stresses, induced by ferroelec-
tric switching and piezoelectric response as an origin of fatigue (as suggested in other work [36])
as these would be expected to occur in a similar manner at all frequencies in this experiment.
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Figure 5.15: PE-loops of a sample fatigued at ±20kV/cm and 5Hz at various stages of fatigue.
Loops were taken every 250000 cycles. PE-loops recorded at 1Hz
0 1 2 3 4 5
Load Cycles ×106
16
18
20
22
24
26
28
R
em
na
nt
 P
ol
ar
is
at
io
n 
[µ
C/
cm
2 ]
5 Hz
10 Hz
25 Hz
50 Hz
100 Hz
(a)
0 1 2 3 4 5
Load Cycles ×106
23
24
25
26
27
28
29
30
31
32
33
Sa
tu
ra
tio
n 
Po
la
ris
at
io
n 
[µ
C/
cm
2 ]
5 Hz
10 Hz
25 Hz
50 Hz
100 Hz
(b)
Figure 5.16: Remnant polarisation (a) and saturation polarisation (b) of samples fatigued at
20kV/cm at frequencies between 5Hz and 100Hz
Mechanisms of Fatigue
Ferroelectric fatigue is commonly attributed to two mechanisms: the occurrence of mechanical
damage in the form of microcracking and the agglomeration of point defects in the lattice
elevating energy barriers thus suppressing switching.
To investigate the possible occurrence of mechanical damage the samples were examined using
scanning electron microscopy (using a Zeiss Supra 40) and optical microscopy (using an Alicona
InfiniteFocus). There was some evidence of larger sized cracks close to the electrodes due to
CHAPTER 5. FATIGUE IN FERROELECTRICS 112
clamping, as is typical for this type of material [88, 244]. The exact mechanism for these cracks
is not fully known, but it has been suggested to be caused by rough electrodes inducing field
singularities at the sample-electrode interface that cause significant strain mismatch between
neighbouring grains [82].
There are multiple ways to quantify the influence of defect agglomeration in the switching process.
One way is its contribution to the retarded switching phenomenon; as defects agglomerate the
energy barriers of the surrounding cells are raised, thus elongating switching times [199]. As
the sample fatigues the amount of retarded switching therefore increases if this mechanism is
present. Figure 5.17 shows the charge development of a virgin and fatigued sample (108 cycles at
20kV/cm and 10Hz) in response to an applied electric field of 20kV/cm. The responses differ
greatly from one another; the virgin sample shows a fast response with only a small amount of
retardation. In comparison the fatigued sample shows an elongated response with large amount
of retardation. It is also noteworthy that the fatigued sample stores less charge. The charge
development was recorded during the charge/heating cycle of the material to rule out retardation
contributions from the electrocaloric effect (Section 4.1).
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Figure 5.17: Charge development of a sample in virgin and fatigued state (108 cycles at 20kV/cm
and 10Hz) in response to an electric field of 20kV/cm applied at time t = 10s
The obtained charge development was then fitted with the stretched exponential equation 5.2
using a least square algorithm.
P (t) = Pfast · [1− e
( −t
τfast
)
] + Pretarded · [1− e
( −t
τretarded
)β
] (5.2)
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In analogy to Section 4.1 the equation has two components, a fast component Pfast accounting
for processes occurring faster than the time constant τfast of the circuit and a retarded component
Pretarded accounting for the retarded switching phenomenon. The stretching exponent β of
the retarded term is a phenomenological description of the wide distribution of time constants
τretarded that are associated with the retardation. Table 5.1 shows the parameters of the fit
obtained for the retarded switching for a virgin and fatigued sample (108 cycles at 20kV/cm and
10Hz).
Table 5.1: Amount of retarded switching in the material
Pretarded [µC] τretarded [s] β
virgin 0.15± 0.01 47.5± 1.2 0.87± 0.06
108 cycles at 10Hz 1.21± 0.07 40.8± 2.2 0.48± 0.04
While the sample in its virgin state only shows a small amount of retardation the amount of
retardation in the fatigued sample is substantially larger with a broader distribution of switching
times (β). This is indicative for a greater number of barriers being raised within the material,
thus inhibiting domains from switching. As such it can be postulated that the mechanism is most
likely related to the agglomeration of point defects.
5.2.4 Origins of Fatigue
As previously stated internal stresses resulting directly from ferroelectric switching and piezo-
electric response can be ruled out as origins of fatigue as these should occur similarly at all
frequencies investigated. Similarly electronic charge build-up at grain boundaries is unlikely, as
these would typically occur on longer time scales and are also not known to be particularly domi-
nant in the material. Additionally the charge-stopping ability of grain boundaries is contradicted
by the material becoming increasingly leaky during fatigue [36].
Previous explanations of the frequency dependence of fatigue have been sought in point de-
fects being moved around in the material by propagating domain walls [36, 106]. At the low
frequencies observed here domain wall velocities would have to be in the order of 10−6m/s
(average domain size ≈ 100nm in the material) which is well into the creep regime of the
material [46]. At the electric field strength applied in this experiment velocities are commonly in
the order of multiple m/s [245]. In other words domain wall movement would have to be slowed
down considerably for the effect to be observable at these low frequencies. Easy-to-reorient
defect dipoles could show a pinning effect on domain walls, thus slowing down their movement
[92, 170], though they would have to be present in considerable amounts to be the sole origin.
Being a thermally activated process temperature changes brought by the electrocaloric effect
would also affect ferroelectric switching and therefore domain wall velocities.
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The time scales corresponding to the frequencies investigated do correspond to those of thermal
equilibration processes that would be experienced as a consequence of the considerable localised
temperature gradients that were postulated in Section 4.1. These gradients would result in large
internal stresses that accelerate the movement of point defects in the lattice as this is essentially a
thermally activated process. The growth of mechanical defects along grain boundaries (where
they are commonly observed) would also be facilitated, as the different orientations of individual
grains and the resulting compliance mismatch at grain boundaries would be amplified by thermal
gradients. When considering this scenario as the origin of fatigue the cycling rate dependence is
introduced by the dependence of switching on temperature and the ’thermal lag’ of the material;
due to the thermal diffusivity of the material localised temperature ’cold spots’ require a certain
time to equilibrate with their surroundings. If the cycling rate is too fast for this to occur the
’cold spot’ would inhibit switching from occurring, and as a result would not react with the
electrocaloric effect in the next cycle. It would create a ’frozen’ situation with near static stress
in the material compared to massive cyclic stresses at a lower cycling rate.
To illustrate the effect on a macroscopic scale a sample was cycled at various frequencies while
a high speed thermal camera (same setup as in Section 4.1) was used to monitor the temperature
on the surface of the sample. Figure 5.18 shows the measured temperature changes. Square wave
excitation was used to avoid the effect’s dependence on driving field rate; only the repetition rate
was varied.
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Figure 5.18: Peak-to-peak amplitude of the electrocaloric effect for various repetition rates.
Square wave excitation between 0kV/cm and 20kV/cm was used
The peak-to-peak amplitude of the electrocaloric effect reduces within the range of repetition
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frequencies examined. This behaviour is in agreement with the aforementioned scenario of
’frozen’ states.
5.2.5 Finite-Difference Simulation
The observed behaviour of the electrocaloric effect is very interesting from the perspective of
its behaviour changing at time scales that do not correspond to entropy/temperature changes
induced by electronic (dipole rearrangement) or atomic (piezocaloric effect) motion. The ob-
served time scales of sub-seconds do correspond to the electrocaloric effect due to retarded
ferroelectric switching however. In Section 4.1 a link between retarded ferroelectric switching
and a very localised electrocaloric effect was established. Taking this localisation into account
large temperature gradients with resulting large stresses would be expected to occur within the
material during each cycle.
Figure 5.19 shows temperature predictions obtained from finite-difference simulations for mul-
tiple repetition frequencies. The simulation is analogous to Section 4.2 with additional imple-
mentation of a time dependent electric field. The original state at time t = 0s assumes a fully
polarised material, as would be the state after a large electric field (20kV/cm) was applied
for t → ∞. At t = 0s this electric field is removed and the system is allowed to relax, thus
increasing entropy and causing a drop in temperature. After half a period the electric field is
applied again where the system is forced into a fully polarised state again, entropy decreases and
temperature rises.
At 1Hz a temperature change induced by the electrocaloric effect is apparent. During cool-
ing a drop to 290K is observed. The temperature then equilibrates back to its initial 300K.
During heating the temperature then rises to 310K and again equilibrates back to 300K. The
system therefore shows a symmetrical response with a peak-to-peak temperature change of 20K
induced each cycle. When increasing the frequency to 10Hz the initial temperature drop to
290K is similarly observed. However the system has insufficient time to fully equilibrate its
temperature before the electric field is reapplied which causes the temperature to rise to only
302K, resulting in a peak-to-peak difference of 12K. When increasing the frequency to 100Hz
the initial temperature drop is slightly diminished, reaching 291K. More importantly during
heating the system does not have not enough time to recover above its initial temperature of
300K, but only reaches 297K. This means two things: firstly the peak-to-peak difference of
7K is introducing less thermal stress into the material, but more importantly that during the
subsequent cycle switching is going to occur more slowly as the material is colder. The system
essentially becomes self-inhibiting. This effect becomes even more pronounced at 1000Hz,
where the initial temperature drops only to 295.5K and recovers to 297K.
This asymmetry in the switching behaviour and electrocaloric response originates from two
causes. Firstly the drop in temperature has an inhibiting effect on the thermally activated
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Figure 5.19: Finite difference simulation of temperature change due to localised electrocaloric
effect. With Eapp = 20kV/cm, Ps = 25µC/cm2, ωb,cool = 0.8± 0.1eV , ωb,heat = 0.9± 0.1eV ,
µ0 = 1013Hz, V ∗ = 10−26m3, α = 4 · 10−7m2/s, ΛEC = 10−12. Initially fully poled state
(Eapp(t < 0s) = 20kV/cm) and electric field removed at t = 0s
switching process. Therefore when the electric field is reapplied, but the temperature is still
low, switching rates are also lower. And secondly when the electric field is reapplied less total
polarisation is available for switching, as the material was initially in a poled state and only the
amount of polarisation that was switched during the cooling cycle is afterwards available to be
switched during the heating cycle.
The asymmetry of this self-inhibiting effect has direct implications for subsequent switching
cycles, as the temperature is unable to equilibrate in the entire sample. To explore this implication
the duration of the simulated time was increased to four repetitions at 1000Hz. Figure 5.20
shows the result obtained for this case.
During the first cycle temperature drops by 4.5K, then recovers by 1K. During the second cycle
temperature drops by a further 1.5K, then recovers by 0.5K. This trend of smaller and smaller
temperature changes during each cycle continues over the subsequent cycles creating a ratcheting
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Figure 5.20: Simulated temperature change over first four cycles of the material cycled at
1000Hz .
effect that ’freezes’ a large amount of the system’s polarisation in one state. Figure 5.21 shows
the system’s behaviour for the first 100ms.
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Figure 5.21: First 100ms of the material being cycled at 1000Hz. (a) shows average temperature
in switched region. (b) shows relative polarisation remaining in the region and polarisation being
switched normalised to the first cycle
As previously noted the amplitude of the thermal cycling diminishes gradually. Similarly the
amount of switched polarisation is gradually reduced. It is noteworthy that no complete freeze of
the system is observed. Instead the ratcheting effect is persistent, at later times only accounting
for the cells with the lowest energy barriers to be switched. The occurrence of the effect shows
that the thermally induced cyclic stresses inside of the materials are gradually lessened and
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won’t contribute to the material’s fatigue behaviour to the same extent. Also interesting is the
drift of the average temperature towards equilibrium temperature without increasing the cyclic
temperature difference. This appears to be result of a large proportion of the material being
switched in the early cycles and afterwards remaining in switched state (fig. 5.21 (b)). This
overall behaviour is result of the amount of total polarisation available for switching being
directional: while on cooling all remaining polarisation is available for switching, only the
amount already switched is available for back switching during heating. In this case one would
expect the system to eventually reach a state where the amount being switched in either direction
is in equilibrium. In this case only a minimal ratcheting effect in polarisation switched and
resulting temperature change occurs.
5.2.6 Conclusions
This section addressed a fatigue phenomenon that, though known to exist for a while, has been
largely neglected, as it does not fit into current explanations of fatigue mechanisms that are
solely based on switching related strain. It highlights the importance of acknowledging the three
way coupling between polarisation, strain and temperature that is inherent to ferroelectrics and
emphasises the importance of dynamics to understand these complex systems
The consideration of accelerated fatigue due to the electrocaloric effect has important impli-
cations for use in FRAM devices (assuming the effect occurs similarly in thin films). Firstly
the quality of the material becomes even more important, as the electrocaloric effect relies on
changes in the order of the material. The more uniformly that the energy barriers in the material
are distributed, the less alterations in the order occur during switching. In a perfect material with
completely uniform energy barriers an entire domain would switch almost instantaneously, not
following the classical nucleation-growth principle (this is to some extent considered in the non-
equilibrium theory [23, 80] through introduction of the critical volume V ∗). As such the order
would not change as before and after states are fully ordered without disordered intermediate
states. It might even be that this fatigue effect does not occur to the same extent or even at all
in thin films, as the inherent strain introduced through the substrate constraint causes preferred
grain orientation, thus reducing compliance mismatches between grains and producing a more
uniform distribution of energy barriers in general. Thin films also present a challenge when it
comes to the application of thermal models and effects, as the conceptual model of temperature
relies on the superposition of Green’s functions which means the concept of temperature does
not exist on small length scales [246] where thin films fall into the border region of the minimal
length scales. Similarly temperature has got a time dependence, meaning it does not exist on
very short time scales. As electric fields applied to thin films can be considerably higher than in
bulk materials and switching times therefore considerably shorter it would be interesting to ask
what effect this has on the dynamics of ferroelectric switching and by extension whether thermal
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gradients and resulting stresses need to be considered in thin films. This might be a suitable topic
for ab-initio modelling approaches.
Apart from FRAM applications, localized temperature gradients also have a very important
implication for the exploitation of ferroelectrics for their electrocaloric effect. For realistic
application in solid state cooling it would be advantageous to maximise the temperature drop,
thus allowing larger temperature changes in the refrigeration cycle and accelerating thermal diffu-
sion. However this maximisation inevitably results in accelerated fatigue and even spontaneous
thermal stress related failure of the material. Particularly the latter is often observed in materials
with pronounced electrocaloric effect that often fail after only a few cycles [237]. Similarly, to
make optimal use of the effect for cooling purposes repetition rates have to be kept low to ensure
maximum transfer of heat during both heating and cooling cycle. In an actual device it would
therefore become a trade off between performance and lifetime.
Chapter 6
Characterisation of Polarisation
Dynamics in Ferroelectric Thin Films
6.1 Introduction
Exploitation of the ferroelectric properties of materials for the purpose of non-volatile memory
storage devices [95, 247] and tunable microwave frequency devices [46, 239, 248] is of persistent
interest to industry. While there are already some of these devices available in the market the
fundamental metrology for polarisation dynamics of ferroelectrics at GHz frequencies is not
well developed.
The dynamic response of ferroelectric materials is non-linear in nature and its rate is intrinsically
limited. While the fundamental limitation comes down to the inertia of the atoms that need
to be displaced during switching, corresponding to the phonon frequencies of the material,
the actual switching response of the material is much more complex. As is the case with
any phase transition, all unit cells of the material influence one-another, causing cooperative
effects. Extrinsic factors such as interfaces, defects and impurities also greatly affect polarisation
dynamics. The complexity and non-linearity of the dynamics require a time-domain based
measurement to separate the different timescales.
Previous attempts to develop suitable measurement solutions tend to be based on electrical
or electro-optical systems. Apart from being complex these systems are also limited in their
dynamic range; previous electrical systems [195, 198, 206, 207, 249, 250] provide insufficient
rise time of the electrical excitation, causing switching behaviour not to obey to exponential
behaviour and requiring deconvolution methods. Earlier attempts to develop faster electrical
systems showed considerable issues in controlling the parasitics of the system [251].
Optical systems [201, 202, 203, 204, 205] are limited in their pulse width that might be too short
to to capture time constants associated with switching reliably. Optical systems also present a
very complex problem of deconvolving ferroelectric-optical, electro-optical, mechano-optical
and thermo-optical properties of the response, as these properties are intertwined in ferroelectric
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systems, an issue that is commonly neglected.
This situation emphasises the need to develop a simple solution that can be universally applied
to characterise ferroelectric switching.
6.2 Experimental Apparatus
The system presented in this chapter is based on an electrical excitation, electrical readout time
domain transmission (TDT) principle. A fast pulse generator is used to generate an electrical
excitation that is guided through the sample and then picked up using a fast oscilloscope. By
recording two subsequent pulses it is possible to de-embed the switching response of the sample
using time domain subtraction. Transmitting electrical pulses at GHz frequencies requires a
slightly different approach from low frequency circuitry. All components of the transmission
line have to be matched to a characteristic impedance to avoid reflection and absorption losses.
These losses would otherwise cause the pulse to lose amplitude and would elongate its rise time.
In this setup a characteristic impedance of 50Ω was chosen with all elements of the transmission
line matched to this impedance. Figure 6.1 illustrates the system.
Pulse Generator
PSP 10.050A
Bias Tee
PSP 5543
Thin-ﬁlm sample
Bias Tee
PSP 5543
Pick-offTee
PSP 5372
1.000.000 Hz
Function Generator
Keysight 33500B
Realtime Oscilloscope
Leroy WaveMaster 820Zi
Figure 6.1: Block diagram of the experimental apparatus
The pulse generator used was a Picosecond Pulse Labs 10.050A, capable of generating electrical
pulses of 10V in amplitude with a rise time of 45ps. The pulses were propagated through a
coaxial transmission line and probe head onto a sample with a coplanar transmission line design.
The probe head achieves a transition from coaxial to coplanar configuration while avoiding
impedance mismatches. The transmitted signal was picked up using a second probe head and
guided through a second coaxial transmission line to a real time oscilloscope (LeCroy Wave-
Master 820Zi). To protect the delicate electronics of the oscilloscope the pulse was attenuated
by 25dB using the combination of a 15dB pick-off tee and 10dB attenuator (not depicted in
schematic).
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As the pulse generator is unidirectional and thus can only generate positive pulses a pair of
additional bias tees were incorporated in the transmission line. These bias tees allowed the
introduction of DC fields and low frequency (Hz) AC fields to pole or fatigue the sample.
As the entire system was designed around a characteristic impedance of 50Ω the sample also had
to be designed with this characteristic impedance at the relevant frequencies to avoid a mismatch
causing reflections in the system.
Figure 6.2: Picture of the experimental apparatus. On the left the laptop controlling the system.
In the back the external function generator on top of an additional amplifier. In the centre the
probe station that the device is placed on and connected to. In the rack on the right from the top:
The pulse generator, the oscilloscope (different model depict) and a power supply for magnets or
heating elements (not discussed in this chapter)
Figure 6.2 shows a photograph of the system. The centre stage utilises micro manipulators
and viewing system to allow precise alignment of the CPW and probes to avoid impedance
mismatches. The sample is held in position using a vacuum sample holder.
6.3 Sample and Design
6.3.1 Sample Material
The sample was a lead zirconate titanate ferroelectric thin film deposited on high resistivity
silicon, obtained from Radiant Technologies1. The PZT was of ’soft’ 52/48 (Zr/T i) composition
with additional lanthanum doping. The layer thickness of the PZT was 500nm, with a 30nm
thick seed layer of lead-titanate between the PZT and the silicon. This seed layer was necessary
to ensure the formation of perovskite structure throughout the film [252].
A 40nm titanium dioxide bonding layer and a 500nm silicon dioxide insulation layer were
below the second layer. Figure 6.3 illustrates a cross section of the sample.
1Radiant Technologies Inc, Albuquerque, USA. www.ferrodevices.com
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PZT 52/48 ~500nm
PT ~30nm
TiO2 ~40nm
SiO2 ~500nm
Si Substrate
Figure 6.3: Cross section of the sample with layers and thickness indicated
6.3.2 Layer Uniformity
Before producing actual devices on the material its properties and quality need to be assessed.
Figure 6.3 shows the ideal cross section of the material. The material has been produced using
spin coating to deposit the PZT and other layers onto the silicon substrate. The complexity
of depositing a ferroelectric thin film using sol-gel based spin coating however means that the
thickness of each individual layer will differ and also vary spatially across the film.
To investigate the film the supplied 4” wafer was first examined using ellipsometry. Figure 6.4
shows the thickness of the ferroelectric layer radially across the wafer. Multiple scans in different
directions yielded similar results.
The film varied between 475nm on the sides and centre of the wafer and 490nm in between.
This type of profile is typical for spin coating, as used to deposit the sol-gel. The similarity in
the optical properties of PZT and PT, also taking into account variation in composition across
the layers, made it impossible to distinguish between the two. A Cauchy type model was used to
calculate layer thickness.
For the selection of material for the sample a piece from the more uniform region between 20mm
and 40mm was used.
6.3.3 Ferroelectric Properties
Apart from its geometry and composition the material also needs to show an appropriate ferro-
electric response. To assess the ferroelectric response an interdigitated gold electrode pattern
with 5µm spacing was deposited on a piece of the material (figure 6.5).
A ferroelectric thin film tester (Aixacct TF 2000 E) was used to record polarisation-electric field
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Figure 6.4: Thickness of the PZT/PT layer. Measured radially across the wafer.
Figure 6.5: Image of the interdigitated electrodes used to test the film’s ferroelectric properties
(PE) loops at 10Hz for various electric field strengths. Figure 6.6 shows a PE loop of the material
for an applied electric field of 180kV/cm. The loop shows the characteristic hysteretic response
of a soft ferroelectric. Its symmetry suggests that the material is not affected by clamping effects
with the substrate to an extent that is observable in preferred directions of polarisation.
6.3.4 Device Design
To avoid reflections and losses at the transmission line - sample interfaces the sample was also
designed in a configuration that was as close to 50Ω as possible. At GHz frequencies this leaves
two design options: A coplanar wave guide (CPW) (figure 6.8) or a strip line configuration. For
a strip line to achieve 50Ω on a 500nm PZT film a width in the order of 10pm would be required,
which makes this option not feasible. Also prior work on CPWs and strip lines on ferroelectrics
suggests that CPWs are a superior choice as they prove to be less lossy compared to strip lines
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Figure 6.6: Polarisation-Electric field loop of the material
[253, 254].
CPWs have been used in numerous experiments to characterise thin film ferroelectrics [248, 255,
256, 257]. The use of high resistivity silicon as substrate has also proven a suitable choice for
the design, as it exhibits only moderate dielectric losses at relevant frequencies [248].
One additional issue that has to be taken into account to investigate ferroelectric switching
with the use of CPWs is the occurrence of resonances due to the generation of shear acoustic
waves induced by domain wall movement [248, 258]. In case of this experiment these reso-
nances occur at frequencies> 20GHz and therefore were outside of the experimental bandwidth.
The geometry of a CPW is dependent on the dielectric properties of the substrate it is deposited
on. The dielectric properties in turn are dependent on the frequency of the signal that is meant to
be transmitted. In this case not a single frequency, but a pulse of a certain bandwidth is meant to
be transmitted. Figure 6.7 shows a fast Fourier transform (FFT) of the rising edge of the pulse.
The major proportion of the rise time occurs at relatively low frequencies. Taking −20dB
(1/10th in magnitude) as limit of the excitation, this gives an excitation bandwidth of 5GHz.
The design idea is to match the geometry of the CPW to the silicon substrate so that the applied
pulse is only altered by the PZT layer of the actual device and relate this response to switching
behaviour. To match the wave guide to the high resistivity silicon substrate at 5GHz (r ≈ 12)
in a coplanar configuration the ratio between line width (l) and gap width (g) has to be kept to
8:5 (figure 6.8) 2.
At the same time a narrow gap is favoured, as this would allow for higher electric field strengths
2A full derivation of CPW design is outside the scope of this thesis, but can be found in [259]
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Figure 6.7: Fast Fourier transform of the rising edge of the excitation pulse
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Figure 6.8: Illustration of a coplanar wave guide
in combination with the fixed amplitude of the pulse. The spacing of the electrical contacts
however is predefined by the pitch of the probes used. The CPW therefore needs to be changed
from a wider geometry to a narrower geometry. This can be done in a single step if the ratio
between line width and gap width is not changed, however the small feature size of about 5µm
desired is more difficult to achieve accurately in the lithography process and tolerances may
result in a change of impedance. To circumvent this impedance matching issue the geometry can
be gradually changed using a tapered geometry. This way the geometry of the narrow section
of the CPW is not critical as the mismatch in impedance is bridged gradually, thus limiting
reflections [260, 261]. To ensure a uniform electric field strength across the entire ferroelectric
the contact and tapered bit of the wave guide were deposited solely on silicon. The ferroelectric
in these parts were therefore removed prior to depositing of the CPW using plasma etching. For
the etching process a Diener Femto plasma etcher using Argon gas was used. The etch rate used
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was approximately 125nm/h.
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Silicon
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(a) (b)
Figure 6.9: Illustration (a) and micrograph (b) of the wave guide with taper and etching of the
PZT.
6.4 Device Testing
Figure 6.10 shows the S-parameters of the CPW deposited on silicon and PZT substrate. The
parameters have been obtained using a vector network analyser (Rhode & Schwarz ZVB20)
calibrated with short-open-load-through (SOLT) method on a Suss CSR-8 calibration substrate.
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Figure 6.10: S-parameters of the device (CPW with 5µm gap width) on silicon (a) and PZT (b)
The frequency response of the silicon CPW (fig. 6.10 a) transmission parameters shows very
uniform behaviour. The transmission is attenuated by −1.5dB which is indicative for the
characteristic impedance of the device being slightly off its 50Ω characteristic. This is caused in
part by the relative permittivity of the substrate not being constant over the examined frequency
CHAPTER 6. CHARACTERISATION OF POLARISATION DYNAMICS IN
FERROELECTRIC THIN FILMS 128
range, but in part also by the geometry of the line being slightly different from the design
dimensions, as tolerances are determined by the lithographic process used and the dimensions of
the device are close to the fundamental limitation of the lithography system used. On average
the gap width is approximately 10% wider with a variation of ±3.5%. This results in a nominal
impedance of approximately 53Ω (assuming a relative permittivity of r = 12). The mismatch
indicated by the transmission parameters is in the same order. There is virtually no difference
apparent between S11 and S22, meaning that the device is nicely symmetrical.
The frequency response shows that the device itself is suboptimal, with losses and limited
reflections occurring within the bandwidth of the probing pulse.
Figure 6.10 (b) shows the S-parameters of the CPW deposited on etched PZT. The response
differs vastly from that of the CPW deposited solely on silicon. The transmission (S21, S12)
gradually decreases with frequency. Simultaneously the reflection (S11, S22) increases gradually.
This illustrates the effect the PZT thin film has on the impedance of the CPW. To assess the
influence of these effects on the shape of the pulse the system was simulated in the time domain
using Agilent ADS.
Figure 6.11 shows the modelled system in the simulation. Each component has been modelled
using their respective frequency response as supplied with the calibration of the manufacturer.
Starting from the left a 10V pulse with a rise time of 45ps was generated. This pulse was then
propagated through the first bias tee (Bias1) and CPW probe (Probe1) onto the sample. The
sample was characterised using the S-parameters shown in figure 6.10. The pulse was then picked
up by the second probe (Probe2) and guided through the second bias tee (Bias2) and pickoff tee
(effectively 15dB attenuation) before being further attenuated by 10dB and terminated in the
oscilloscope. Vin, Vs, Vso, Vout and Vatt indicate points at which the voltage development was
recorded.
The voltage going into the system Vin, coming out of the sample Vso and going into the
oscilloscope oscilloscope Vout are displayed in figure 6.12.
Vin is the original pulse fed into the system with an amplitude of 10V and rise time of 45ps.
Due to the parasitics of the system the rise time of the pulse coming out of the device (Vso) is
significantly slower, causing the pulse to take 200ps before reaching its full amplitude of 10V .
This time defines the minimum timescale that can be resolved by the system, as all processes
that occur faster than the rise time are being obscured. With 200ps the rise time still remains
an order of magnitude faster than time constants expected from ferroelectric switching so that
a deconvolution of the system response in not necessary and an exponential behaviour of the
switching current should be observed. There is also no indication of a resistive mismatch (would
manifest itself in an lowered pulse amplitude) occurring, meaning any ferroelectric on the device
will be excited with the full amplitude of 10V . Therefore the effective electric field applied to
the device is only limited by its geometry.
The pulse being fed into the oscilloscope (Vout) has undergone additional attenuation in the
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Figure 6.11: Schematic of the ADS simulation to assess the response of the system
Figure 6.12: Transient of a pulse with 45ps rise time when propagated through the system as
obtained from the simulation
second half of the transmission line and the bias tee, lowering the amplitude of the pulse from
10V to 2V . This attenuation however appears to be largely linear, so that the rise time of the
pulse is not further elongated and remains around 200ps. This time defines the fundamental time
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resolution of the system.
6.5 Measurement Method and Results
This section first explains the measurement method and then presents results obtained for switch-
ing and non-switching cases with the purpose of assessing reproducibility and repeatability.
From a measurement perspective one complicating factor in the application of this measurement
technique is that the switching signal to be measured is embedded into a much larger background
signal. The excitation pulse is orders of magnitudes larger in amplitude than the ferroelectric
response. This is difficult not only from the requirement of very high resolution of the measure-
ment instrument, but also from the perspective of de-embedding the switching response from the
measured data. All measurements presented here were made on an earlier version of the sample
where the wave guide was deposited straight onto the 500nm PZT film without prior etching. As
such the device will contain additional impedance mismatches. Figure 6.13 shows the pulses as
measured for the CPW device with and without ferroelectric material in the probing area.
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Figure 6.13: Capture of time domain transmission pulses of a CPW device deposited on silicon
and on PZT
The response observed is different from that of device without ferroelectric material, as there
appears to be a contribution in the nanosecond timescale present in the rise and fall time of
the pulse. However the measured response is not only that of the thin film ferroelectric, but a
combination of the dielectric response of the substrate, the dielectric response of the ferroelectric
and ferroelectric switching.
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There are methods of separating the dielectric response of a thin film from the substrate in the
frequency domain. These methods are based on the numerical solution of a full-wave spectral
domain integral [262, 263, 264]. However this solution only works for the dielectric response
when assuming that no non-linearities from ferroelectric switching occur. As the purpose of this
experiment is the examination of these non-linearities another de-embedding approach in the
time domain has to be used. The least complex and most robust approach to do so is found in
time domain subtraction [265, 266].
De-embedding using time domain subtraction requires the measurement of the combined signal,
as well as a second measurement of only the background. For a ferroelectric this means mea-
surement of two subsequent pulses: The first (combined) pulse switches the material (switching
pulse). When the second (background) pulse is applied the material is already switched and
therefore responds without switching response (non-switching pulse). The method works under
the assumption that the first switching pulse switched the material in its entirety, so that the
second non-switching pulse has got no further switching contribution. If the material is not
fully switched and the second pulse includes a contribution from switching the pure switching
response after subtraction is going to be diminished. Figure 6.14 illustrates this principle.
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Figure 6.14: Schematic of switching and non-switching pulses for de-embedding of the ferro-
electric response using time domain subtraction. (a) shows the voltage and current development
on the sample. (b) shows the transmitted pulses
Figure 6.14 (a) shows the electric field applied to the sample and the current response. In the
switching response the applied field switches ferroelectric domains which induces current flow
in the time scale of polarisation switching whereas in the nonswitching response the domains are
already switched and the switching-associated current flow is absent. This difference between
the two responses also alters the shape of the transmitted pulses (b). Figure 6.15 shows the
recorded switching and non-switching response of the device.
There is a slight difference apparent in the two pulses. As the name of the de-embedding method
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Figure 6.15: Captured switching and non-switching pulses of a 5µm CPW device on top of
500nm PZT
suggests in a final step the non-switching response is subtracted from the switching response,
leaving only the difference that can be attributed to switching. Figure 6.16 shows the switching
current after subtraction of the non-switching current.
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Figure 6.16: Switching current of a 5µm device deposited on PZT after de-embedding. The
switching current was fit with equation 6.1
This switching current is then fitted with the exponential equation
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I(t) = Isw · e
−
t− t0
τsw + c (6.1)
where Isw is the switching current, t is time and τsw the switching time constant in analogy
to chapter 2.4.3. t0 accounts for a slight shift in time due to the rise time of the electric field
and c accounts for the apparent offset in the amplitude current. This offset is indicative for the
occurrence of a resistive mismatch in the transmission line. This is most likely a result of the
device being deposited straight onto the PZT without prior etching which creates a large step in
impedance at the probe-device interface. When the electric field was removed at time t = 5ns a
relaxation peak with subsequent decay in opposite direction can be observed. In an ideal case
when the material is being fully switched by the pulse, this relaxation should be completely
removed by the subtraction process. However due to limitations of the current system and
device, the electric field strength and duration of the pulse have not been sufficient to switch the
material completely. As such some of the partially switched domains will switch back, though
not necessarily to the same extent as before.
The switching time constant tsw was fitted at 1.53±0.15nswhich is in the order of what would be
expected from the non-equilibrium model. The non equilibrium model [23, 80] derives switching
times for a bulk material of similar composition in the lower microseconds. In a thin film, these
times are altered by the occurrence of depolarisation fields resulting from the higher level of
polarisation alignment in the film. These fields result effectively in an increase of the electric
field strength, thus accelerating switching. Assuming the conditions under which the theory has
been derived remain the same, these depolarisation fields accelerate switching and switching
times in the low-to-mid nanoseconds would be expected. The measured time constant is in good
agreement with earlier reported values for thin film PZT that mostly range in the 1.8− 2.5ns
region [249, 250]. More recently a similar value of 1.7ns has been reported by Grigoriev et al.
[206]. The fastest switching time of 360ps has been reported by Larsen and van der Mark [251].
However their system had problems controlling the parasitics, a mathematical correction was
needed as the system’s time resolution was insufficient to capture this time constant undistorted
and the applied electric field was much larger (160kV/cm).
6.5.1 Repeatability of Non-Switching Pulses
To test the repeatability of the non-switching pulses the device was brought into a fully poled
state by the application of a positive prepole pulse of 200kV/cm for one second. Afterwards the
field was removed and three subsequent non-switching pulses with an electric field strength of
20kV/cm and a duration of 5ns were applied. Figure 6.17 illustrates the pulse sequence.
Figure 6.18 shows the three captured non-switching pulses superimposed.
As the material has been fully poled by the prepole pulse it is expected that the three non-
switching pulses are almost identical. The pulses look very similar without obvious differences
between them. The average difference between the pulse amplitudes was 1.1mA with the
CHAPTER 6. CHARACTERISATION OF POLARISATION DYNAMICS IN
FERROELECTRIC THIN FILMS 134
Prepole Pulse Non-Switching Pulses
1s 10s 5ns 10s 5ns 5ns10s
2
0
0
k
V
/c
m 2
0
k
V
/c
m
Figure 6.17: Pulse sequence used to test the uniformity of non-switching pulses
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Figure 6.18: The captured non-switching pulses superimposed
maximum difference no more than 2.1mA at any given time which defines the noise level of the
experiment which has to be considered when examining switching behaviour.
The results show that in a fully poled material the non-switching pulses are highly repeatable,
meaning there is no additional switching occurring.
6.5.2 Repeatability of Switching Behaviour on the Same Device
To test the repeatability of the switching current the measurement has been repeated five times
on the same device. The probes have been connected to the device once and were left in place
over the course of the experiment. Each measurement was carried out in down-neutral-positive-
neutral-positive manner so that the material was poled into its negative state before applying
the first positive measurement pulse. As the pulse generator used was solely unipolar a DC
negative field of−20kV/cm for a duration of one second was used to pole the sample in negative
direction. The positive pulse with an electric field strength of +20kV/cm and duration of 5ns
was generated by the pulse generator. This pulse sequence was used for each repetition. Figure
6.19 illustrates the pulse sequence.
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Figure 6.19: Pulse sequence used to test the repeatability of the measurement on the same device
Figure 6.20 shows the switching current of the five measurements after de-embedding. The
repetition appear very similar with a pronounced switching decay while the pulse is applied.
When the pulse is removed the occurrence of backswitching current indicates that the material
has not been completely switched.
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Figure 6.20: Five successive switching current measurements on the same device.
The switching current of each repetition was then fitted with equation 6.1. The fitting parameters
of five repetitions are listed in table 6.1.
Table 6.1: Fitting parameters of five repetitions on the same device
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Run Isw[mA] τsw[ns]
1 9.4± 2.1 1.53± 0.15
2 12.4± 2.1 1.45± 0.11
3 12.1± 2.1 1.25± 0.10
4 11.8± 2.1 1.61± 0.12
5 17.5± 2.1 1.40± 0.13
mean 12.6± 0.4 1.45± 0.06
The mean of both, the switching current Isw and the switching time constant τsw are of the right
order that would be expected for the material and size of the device. The results also do not
differ from the mean by more than a 95% confidence level and the variation between individual
repetitions is very close to the noise level of 2.1mA established in 6.5.1.
6.5.3 Reproducibility on Multiple Devices
Apart from repeatability on the same device it is also of importance whether the results are
reproducible for multiple devices deposited onto the same material. To test this reproducibility
four devices have been measured using the same down-neutral-positive-neutral-positive pulse
sequence as in 6.5.2. The negative pulses have been applied via a DC electric field of−20kV/cm
for one second. The positive pulses originate from the pulse generator with an electric field
strength of +20kV/cm and a duration of 5ns.
Figure 6.21 shows the current of the four devices after de-embedding. Devices 1-3 show a very
similar response, device 4 differs slightly during switching and also shows a larger backswitching
current.
Table 6.2 shows the results obtained from fitting 6.1 for the four devices. The results are very
similar for all devices and do not differ at a 95% confidence level. The mean of 11.9 ± 0.4 is
also very comparable to the 12.6± 0.4 obtained from the repetitions on one device.
Table 6.2: Fitting parameters of measurements on multiple devices
Device Isw[mA] τsw[ns]
1 11.2± 2.1 1.51± 0.08
2 12.9± 2.1 1.78± 0.13
3 13.0± 2.1 1.62± 0.11
4 10.6± 2.1 1.74± 0.16
mean 11.9± 0.4 1.66± 0.05
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Figure 6.21: Measurements on four different devices after de-embedding.
6.6 Possible Improvements to the System
In the configuration introduced here it was shown the system is capable of measuring switching
behaviour in thin film ferroelectrics, albeit there are a few limitations, some of which can be
improved due to optimisation of the system, some are fundamental to the method.
• Noise performance: Most fundamental to the system is its noise performance. In case
of this experiment noise was determined to be approx 2.1mA or 16% of the switching
current. This is a substantial amount. Under normal circumstance it could be reduced by
averaging over multiple repetitions. However this requires the signal to be fully repeatable
which is not entirely the case when observing ferroelectric switching, which for once
obeys non-equilibrium mechanics, but also undergoes fatigue. As such the experiment was
designed as a one-shot measurement employing real-time technique.
In terms of signal-to-noise performance in the amplitude the nature of this all-electrical
approach requires a small signal is embedded in a comparatively large excitation. Therefore
the dynamic range and noise performance of the used oscilloscope are very important.
The emphasis of the oscilloscope used in the experiment is on speed for the purpose of
serial data debugging in electronic engineering. As such it has relatively moderate noise
performance resulting in a signal-to-noise ratio after de-embedding of around 10% An
oscilloscope with better noise performance would also improve the quality of the results.
• Pulse sequence: The generator used in the experiment produced only unipolar ’up’ pulses.
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As a result an additional external function generator was used to prepole the material
before each measurement and the measurement itself only corresponds to switching in
one direction. The switching current in opposite direction cannot be recorded with this
configuration. The use of a bipolar generator would enable positive up negative down
(PUND) pulses which would make the current implementation of down pulses using
an external function generator obsolete. This would result not only in a wider range of
possible experiments, but would also eliminate attenuation and noise introduced by the
bias tees in the system.
• Electric field strength: The electric field strength of the poling field essentially is defined by
two parameters; the amplitude of the applied electric pulse and the width of the gap of the
CPW device. Pulse amplitude is limited on one side by the maximum amplitude the pulse
generator allows which could be improved using a model capable of generating pulses
with larger amplitude. However this usually comes at the trade-off of slower rise times.
On the other side amplitude can also be increased by optimisation of the transmission line.
In the current configuration the system requires bias tees to feed-in an electric field from
an external signal generator necessary for prepoling the sample. As previously mentioned
these bias-tees would not be necessary if the generator was replaced with a bipolar model,
this eliminating attenuation due to the bias-tees. Similarly at the moment the line length
between generator and device, as well as device and oscilloscope has to be kept long
enough to delay reflection from reaching the device while the switching pulse is still
being applied, in which case they would stack on top of the applied pulse, introducing
an unwanted additional step in electric field. The alternative use of a rotator to eliminate
reflections might be superior in terms of absorption relative to using long line lengths.
• Uniformity of electric field: In the current design of the sample the CPW is deposited on
top of the ferroelectric. As a result the electric field experienced by the ferroelectric is not
uniform throughout the material, but follows circular patterns. As such the design could
be improved by employing an etching approach that removes all PZT except between the
line and ground plane. This would yield a more uniform field throughout.
(a) (b)
Figure 6.22: Illustration of the electric field lines in the current design (a) and when etching
grooves for the CPW (b)
• Sample substrate: At the moment the samples have been made using PZT deposited on
high resistivity silicon. While not a bad choice for microwave applications, silicon does
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have a few disadvantages over other materials. As is the case for all lossy materials, the
dielectric permittivity of silicon has significant dependence on frequency which means
that the broadband pulses used in the experiment slightly change their shape resulting in a
longer rise time of the pulse. The use of alumina as a substrate would improve the system’s
performance, as alumina has a slightly lower permittivity (≈ 10 compared to ≈ 12 for Si)
and more crucially a loss tangent two orders of magnitude lower (≈ 10−4 compared to
≈ 10−2 for Si).
6.7 Conclusions
This chapter presented the development of a system capable of reliably capturing switching
currents of ferroelectric thin films. Time domain subtraction of switching and non-switching
pulses allows the de-embedding of a switching response that is in agreement with theoretical
values expected of the material (Section 2.4.3) and also very similar to those extrapolated in
previous experiments [206, 249, 250]. But it also differs vastly from the fastest switching
times reported [251] using electrical methods. One could argue that the extrapolated values
are results of the systems they were determined with providing insufficient performance to
determine these accurately, but this is not the case for the apparatus presented here. Switching
times obtained from optical systems also have a tendency to be a lot shorter than those found
using the method presented here and usually range in the low mid hundreds of picoseconds
[197, 201, 202, 203, 204, 205]. However these systems rely on changes of the refractive index.
In ferroelectrics these changes are brought by various effects (mechanical deformation, electro-
optical effect), not just switching. As such it would be necessary to separate the origins which
is not addressed in the context of these systems. Switching times in thin films are central to
the evaluation of materials for ferroelectric memory devices and the divergence in reported
values raises the question whether sub-nanosecond switching times are real or an artefact of their
methods.
Chapter 7
Conclusions and Future Work
7.1 Conclusions
7.1.1 Characterisation of Polarisation Dynamics in Bulk Materials
The characterisation of the discharge current of ferroelectric materials is of great importance
for their use in industrial power storage applications. While the discharge behaviour of linear
dielectrics can be easily approximated analytically the behaviour of ferroelectric materials is
much more complex. Properties, such as energy density, do not scale linearly with electric
field. While energy density can be derived from polarisation-electric field loops the discharge
transients of the materials are also non-linear, showing contributions from electronic, mechanical
and ferroelectric behaviour. As such the behaviour needs to be characterised in the time domain.
Chapter 3 of this thesis presented the development of a rapid discharge system for capacitive
samples. It was shown that the discharge currents obtained by this method can be separated
into multiple contributions that allow an insight into the materials’ behaviour. It was shown that
backswitching current in ferroelectrics contains a considerable amount of reversible switching
that causes a large proportion of the charge stored to be released at time scales longer than the
nominal RC time constant. The method allows a more reliable way of determining energy density
for leaky samples and additionally allows for characterisation of discharge dependent properties,
such as power density. With little improvements in impedance matching the system could be
commercialised with the potential of becoming a standard method for determining discharge
behaviour and power densities of capacitors.
7.1.2 Electrocaloric Switching Dynamics
The idea of exploiting the electrocaloric effect for refrigeration purposes has been present for
many years. While research focussed on developing more and improved electrocaloric materials
very little attention has been spent on truly developing underlying theory of the effect. Almost
90 years after its experimental discovery the effect is still only expressed in terms of a simple
140
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thermodynamic model using state equations [2, 15], the validity of which arguably might not
even be met in ferroelectric materials [183, 185]. Virtually no attempts have been made to
express the effect in form of dynamic processes and today the field is still widely unclear what
the origins of the effect are and often only considers a simplified phenomenological explanation
based on dipole reorientation [2], even though it has been shown that e.g. the piezocaloric effect
is a major contributor [191].
Chapter 4 of this thesis investigated a link between a retarded switching phenomenon in ferro-
electrics and temperature changes brought by the electrocaloric effect. It demonstrated a link
between the two and concluded that this link can not originate from the small bulk temperature
change, but must originate from a much larger localised effect. This conclusion had implica-
tions for both, ferroelectric switching and reliability of electrocaloric materials. Ferroelectric
switching cannot wholly be considered to occur at thermal equilibrium which complicates theory
even further by making switching essentially a thermal diffusion problem that can only be
solved numerically. Materials with pronounced electrocaloric effect, though not addressed in
literature, are known to be prone to excessive fatigue and spontaneous failure. The concept of
large localised temperature changes and the resulting thermal stresses could play an important
role in explaining this phenomenon.
The chapter then went on to introduce temperature changes brought by a ferroelectric-electrocaloric
coupling to ferroelectric switching in the form of a finite-difference model. The model showed
that this coupling is essentially self-inhibiting in cooling direction and self-accelerating in heat-
ing direction. The implication of this behaviour is that a an optimisation of a material towards
a maximum heat exchange is not necessarily the same as optimising the material towards a
maximum temperature change. Instead temperature change and switching need to be carefully
balanced. Producing materials forming polar nano regions with a very diverse energy barrier
landscape might yield good results in this context.
7.1.3 Fatigue in Ferroelectrics
Fatigue in ferroelectrics is a very broadly studied field. As most studies however are focussing
on bipolar cycling at large electric fields the first half of Chapter 5 investigated the effect of
repeated cycling at low electric fields against polarisation direction. It was shown that this form
of cycling causes a loss of polarisation in the material. This depoling seems not to be associated
with classical fatigue mechanisms such as defect agglomeration or mechanical damage and is
fully recoverable by repoling the material.
The second half of Chapter 5 investigated a frequency dependence of the rate of fatigue where,
maybe contrary to expectation, lower cycling rates cause higher fatigue rates. The behaviour was
explained with a link to the electrocaloric effect and its dependence on relatively slow thermal
equilibration. Using the previously introduced finite difference model it could be shown that
faster cycling causes an effect where switching is almost completely inhibited after a few cycles at
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high frequency. The work undertaken in the chapter emphasised that in a highly coupled material
like a ferroelectric it is crucial not to look at properties individually, as intrinsic contributions
from other properties can play an important part in understanding the more ’exotic’ behaviour of
the material. In extension of the study on bulk material presented here it would be interesting to
what extent the behaviour is observed in thin film materials. This might also help answering the
question whether or not the electrocaloric effect actually occurs in thin films.
7.1.4 Characterisation of Polarisation Dynamics in Ferroelectric
Thin Films
Thin film ferroelectrics are of considerable interest for application in ferroelectric memory today.
In this context particularly the question on how fast a ferroelectric can be switched is of great
importance, as this defines the prospects for this technology. Previous work on the topic can be
separated into two groups; one group where an electrical system was used to examine switching
transients and a second group where optical methods have been utilised. There appears to be a
divergence in reported switching times where the electrical group was reporting values in the
low nanoseconds whereas the optical group was reporting considerably faster values in the tens
to hundreds of picoseconds. Both methods however had issues associated that raise questions
on the validity of the results. The electrical group was using excitations with rise times longer
than the reported switching times and the optical systems did not address the complexity of
deembedding switching responses from other contributions.
Chapter 6 presented the development of an all electrical system with wide bandwidth covering
time scales from hundred picoseconds to ten nanoseconds. The system was used to measure
switching times in PZT in the order of two nanoseconds which is in agreement with values
obtained from other electrical systems, however in case of this system the rise time of the
excitation was sufficiently fast to measure these times undistorted. The result raises the question
whether faster switching times reported are real or merely an artefact of their method.
To answer the question further work on extending the technique to a range of previously studies
materials, or on comparing against previously described methods would be required.
7.2 Exploitation of Ferroelectricity: Future Work
Over the recent decade or so bulk ferroelectrics established themselves as vital components in
form of capacitors and actuators. While there is still large potential for growth in this market
issues associated arise from an engineering perspective, in particular controlling quality is an
issue in this context. From a science perspective there is demand for improved lead-free materials,
but the underlying physics and metrology in this sector is already sufficiently established.
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For ferroelectricity to be exploited in novel technologies in the future understanding thin films
is the key aspect. There is two broad fields that offer prospects for the near future: Solid state
refrigeration and ferroelectric memory:
7.2.1 Solid State Cooling
The prospects for ferroelectrics in solid state cooling arise from large electrocaloric effects
having been reported in thin film ferroelectrics [13, 14, 15]. However so far these ’giant’ effects
have only been determined using the indirect method based on the Maxwell relationship while
direct methods have not yet reproduced these values. The technological key aspect for the future
is to answer the question whether the indirectly determined effect is real or merely an artefact of
the simple thermodynamic model in use today not being applicable to thin films. From a science
perspective it becomes clear that underlying physics of the effect are not sufficiently understood
and that theory needs to be developed further with a truly dynamic model being the goal. The
large localised electrocaloric effect postulated here might even, with optimisation of the material,
find application to cooling of localised heat sources such as high power electronics.
7.2.2 Ferroelectric Memory and Ferroelectric Transistors
For exploitation of ferroelectricity in memory devices three fundamental questions have yet to be
answered: How fast can a material actually be switched? and how small can devices be made?
and how can lifetimes be increased?
The first question was to some extent addressed in this thesis in that there are still wide dis-
agreements between switching times reported for the same materials. For FRAM to become
viable for a larger market speed needs to increase dramatically over devices purchasable today.
The first step to drive this technology towards the fundamental limitation lies in figuring out the
current limits of the material after which attention can be spent on how to extend these limitations
towards faster switching times.
The second question also is geared towards understanding the fundamental limitations of the
technology. Memory density and to some extent switching times are dependent on the size of the
devices. While in the past the size limitation was more understood in terms of manufacturability
it has been recently suggested that, similar to ferromagnetism, there is a minimum size required
for ferroelectricity to occur because with decreasing device size interface effects become more
and more dominant [267].
The third question probably constitutes more of an engineering than a science issue. Materials
are of course not perfect and prone to fatigue. This becomes particularly and issue when moving
towards high speed applications, as in this case load cycles accumulate much faster. For a
ferroelectric transistor to be used in a computer processor life times of 1017 cycles and more are
realistically required. Achieving this is not only highly ambitious from the materials perspective,
but also highly problematic in terms of electrode- and composite de-lamination.
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